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ABSTRACT
The object of the study is to measure the photon mass attenuation 
coefficient of hydrophilic materials with the aim of investigating their
suitability as tissue equivalent material.
Two types of hydrophilic material were tested; the ED4C which has 
72% water uptake by weight and the H-40 which has 40% water uptake by 
weight. Measurements were made for both types in dry and fully hydrated 
state. The measurements were obtained by using (a) narrow beam geometry 
and mono-energetic beams with a range of energies between 13.37 and 662 
keV; (b) medical x-ray sources, used in diagnostic radiology such as 
mammography, radiology and CT scans; and (c) medical linear accelerator
to generate high energy beams such as 6 and 18 MV beams.
The measured mass attenuation coefficients were compared with the 
mass attenuation coefficient of various body tissues published by ICRU 
with the use of XCOM computer code.
Magnetic Resonance Imaging (MRI) was used to measure ll and T2 of 
the hydrophilic material to study the suitability of the material as 
tissue equivalent for MRI.
The physical characteristics of the hydrophilic materials were 
studied by measuring the uptake rate (amount of water absorbed by the 
sample in a certain time) versus sample thickness, and generating uptake 
rate curves for each thickness for both types of material. Mathematical 
models to fit the uptake rate curves by applying diffusion equations were 
obtained. The uptake rate (hydration process) and dryness (dehydration 
process) were conducted at two different water and room temperatures of 
23°C and 9°C.
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CHAPTER 1 
INTRODUCTION
Tissue equivalent materials are very important if not essential in 
medical radiation physics. An accurate knowledge of the distribution of 
doses within patients undergoing external beam radiotherapy has been an 
essential requirement for the efficient planning and verification of 
treatment regimes. To achieve this, materials in the form of solids, 
liquids, gels and powder, simulating the many different human tissues, 
should be available during dose measurements involving radiation 
teletherapy. One of the more successful commercially available 
anthropomorphic phantoms specifically designed for this purpose is the 
Rando phantom (Shrimpton et al., 1981). The anthropomorphic body phantom 
has been in use in many radiotherapy departments.
The tissue equivalent material plays an important role in 
diagnostic radiology. The patient dosimetry and radiation protection 
studies associated with diagnostic radiological procedures necessitate 
the use of either partial body sections or full anthropomorphic phantoms 
to estimate the absorbed dose, scattered radiation and risk calculation 
at specific body parts. In general, the basic principle of phantoms in 
diagnostic radiology or radiation therapy is to simulate the interaction 
of the radiation beam with the patient. However, we have to realize that 
the patient’s anatomy varies considerably in terms of size, shape, tissue 
composition and anatomical details. Also, variability between tissues of 
the same type from different subjects due to age, sex, etc. creates a 
problem that is always present in simulation exercises.
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ICRP (ICRP, 1975) and ICRU (ICRU, 1993) and several researchers 
(Woodard, 1962; Woodard, 1986; White et al., 1991) compiled extensive 
tabulations of elemental compositions, mass and electron densities of 
human tissues. But these data for average normal and healthy tissues 
have little information about abnormal tissues.
The world populations vary in their adult size, as well as their 
shape. Therefore, ICRU (ICRU, 1992) classified the world population into 
four major categories:
1. Europeans
2. Africans
3. Asiatics
4. Indo-Mediterraneans,
With the existence of these variations and differences, it is 
difficult to find an Ideal All-Purpose phantom. Because of the
differences, the market is full of all kinds of phantoms. ICRU (ICRU, 
1992) contains single-sheet specifications of 81 dosimetric, calibration 
and imaging phantoms. Nearly fifty of these including dosimetric, 
calibration and imaging phantoms are of potential interest in diagnostic 
radiology and nuclear medicine. The phantoms have been grouped into 11 
categories according to the parts of the human body being replicated. An 
additional 25 phantoms were presented at the Wurzburg Workshop (Test 
Phantoms and Optimization in Diagnostic Radiology and Nuclear Medicine), 
(White, 1993).
An anthropomorphic phantom has been used as a general purpose 
phantom. This phantom was primarily formulated for radiotherapy 
applications. The use of the Rando phantom in diagnostic radiology could
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introduce an error into the measurements. Shrimpton et al. (Shrimpton 
et al. 1981) reported that there was a difference in the effective 
attenuation coefficient of 9% between the Rando phantom and water at 50 
kV, and a discrepancy in depth dose between water and Rando phantom 
(Alderson Rubher - 1962) of as much as 25% at 70 kV. A comparison of the 
manufacturer’s design specifications against reference tissue parameters 
from ICRU-46 (ICRU, 1991) was conducted for three commercial 
manufacturers of anthropomorphic phantoms (Hieck et al, 1990). The
comparison indicated marked differences in the design and construction of 
anthropomorphic radiotherapy phantoms. Therefore, the accuracy and 
limitation of using an anthropomorphic phantom in energies other than 
radiation therapy energy should be fully understood.
Because of all the differences and variations, the phantom has to 
be chosen for a certain organ at a certain energy range to get good 
tissue simulation and accuracy in measurements. In some tissues, the 
problem of differences could be solved; for example, in the market the 
breast phantom for mammography x-ray has several models, each of which 
represents a different age, breast composition and shape. Other 
non-ionizing radiation modalities such as ultrasound and Magnetic 
Resonance Imaging (MRI) are used in medicine. The chosen criteria for 
tissue equivalency for these modalities are different. The tissue 
equivalent material or phantom used in diagnostic radiology or 
radiotherapy is not good for ultrasound or MRI. Theoretically, the 
phantom used in diagnostic radiology or radiation therapy should work in 
MRI or ultrasound, if total simulation of human tissue is achieved.
The lack of an Ideal-All Purpose phantom and tissue substitute has 
indicated the necessity to search for new substances to satisfy the 
essential requirements in simulating most of the body tissue in wide
3
energy ranges and many modalities used in medicine. Full discussion 
about tissue equivalent material and photon interaction can be found in 
Chapter 3.
The cross-linked hydrophilic copolymers have good characteristics 
for use as tissue substitute materials. They have the ability to absorb 
water into their structure without being dissolved. The material at 
saturation and hydration levels has a gel form which satisfies the recent 
ICRU recommendation (White, 1993; ICRU, 1992) which states "..these 
(phantoms) should be based on modern polymers and resins and the latest 
manufacturing techniques. More reusable material such as gels are 
needed".
Hydrogels are a form of polymers, usually consisting of two or
multi-component systems in which one of the components has hydrophilic 
properties. Polymers are today’s largest group of materials used for 
biomedical purposes. The main areas of today’s applications of hydrogel 
materials include (Rosiak et al. 1995):
- Topical applications as wound dressing
- Drug delivery systems
- Dental application
- Injectable polymers (injection of collagen has been used to fill
and repair cosmetic defects by plastic surgeons).
- Ophthalmic applications. The market of contact lenses is
completely dominated by products of the Polyhema.
This study will evaluate two types of hydrophilic materials; type 
ED4C which has a 72% water uptake by weight, and type H-40, which has a 
40% uptake of water by weight.
This study is divided into four major parts:
1. Study the physical characteristics of hydrophilic material. 
Study the uptake rate, saturation time and dehydration rate 
versus sample thickness and find the appropriate mathematical 
model to fit the uptake and dehydration rate experimentally 
obtained (Chapter 2).
2. Measure the mass attenuation coefficients of both types for a
wide range of mono-energetic beams under narrow beam geometry 
conditions(Chapter 4).
3. Measure the mass attenuation coefficients of both types for
diagnostic x-ray units used in medicine (spectrum of x-ray 
energies) such as mammography, radiography (Chapter 5) and CT 
scans (Chapter 6). Also measure the mass attenuation 
coefficients for linear accelerators used in radiotherapy. 
The 6 MV and 18 MV beams were used (Chapter 7).
4. Measure the Tj and T2 using MRI and compare the result with li
and T2 of various human tissues (Chapter 8).
The study will end with the conclusion and recommendations (Chapter 
9) of using hydrophilic material as an equivalent for human tissues.
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CHAPTER 2
HYDROPHILIC MATERIAL
Hydrophilicity is defined as the ability of a material’s 
molecules to adsorb and/or interact with the water molecule. This 
physical property occurs through the ability of the polar functional 
group in the substance to form hydrogen bonding with the water 
molecule. This phenomenon plays an important role in materials used in 
manufacturing contact lenses, namely; poly-hydroxyethyl methacrylate 
(PHEMA), polymer and vinyl pyrolidone, and ethyl or methyl methacrylate 
(MMA-VP) (Highgate and Frankland, 1975).
It is known that improved materials would increase the 
acceptability of hydrophilic lens both to the patient and the 
profession. During hydration these hydrophilic polymers absorb water 
by two distinct ways:
(a) water which is bound more or less firmly to the hydrophilic sites 
usually through hydrogen bonding
(b) free water which enters the structure as expansion occurs. This 
property is useful to remove any unpolymerised monomer, initiator 
or cross-linking agent not firmly integrated with the polymer 
structure.
The ratio of free to bound water when fully hydrated is taken to 
be 50/50, but if the hydration is less than 100% then the ratio of
2.1 INTRODUCTION
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bound/free water will be enhanced because water in the material will be 
preferentially held as bound water.
The water absorbed by a hydrophilic material is quantitatively 
represented by the equilibrium water content, EWC, which is the ratio 
of the weight of water in the material to the weight of the material at 
equilibrium hydration. It is expressed as a percentage (Soanes, 1994):
FWr =  t o h t  ° f water in the gel
total weight of hydrated gel X 1UU/0
The hydophilic materials being used in this study are basically 
composition of MMA and VP. The EWC depends on the ratio of MMA to VP 
material, for example, the hydrophilic material used, EDS4C has a ratio 
of 1:4 with an EWC of 72%, while the hydrophilic material H-40 has a 
ratio of 1:1 with an EWC of 42%. The chemical structure of MMA and VP 
is shown in Fig. 2.1 and the elemental composition presented as 
fraction by weight is shown in Table 2.1 (Farquharso et al., 1995). 
The water uptake at EWC will result in an increase in the dimensions of 
the material, for example EDC4 expands linearly in the ratio of 1.63:1 
and H-40 in the ratio of 1.21:1.
The MMA and VP materials which contain carbon, nitrogen, hydrogen 
and oxygen are the main constituents of human tissue. Water absorption 
will enhance a hydrophilic material’s compatibility with and similarity 
to human tissue by enhancing the ratio of H:C:0:N to match the required 
H:C:0:N mass ratio of human tissue (Graessner, 1994).
In this study two types of hydrophilic materials were used, ED4C 
and H-40 with EWC of 72% and 40%, respectively. The materials were 
supplied as solid rods.
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Table 2.1 Elemental composition of vinylpyrrolidone and methyl 
methacrylate presented as fraction by weight
Material
Fraction by weight (%)
C H O N
Vinylpyrrolidone (VP) 
hydrophilic
64.84 8.16 14.39 12.60
Methyl methacrylate (MMA) 
hydrophilic
71.40 9.59 19.02
8
c h 3
C H 3
c h 2 = c h
N
CEtf C = O
C H 2 - c h 2
methyl methacrylate N
Fig. 2.1 Chemical structure of methyl methacrylate (M M A) and 
vinylpyrrolidone (VP), which are the two compounds that form 
the copolymer materials, ED4C and H-40.
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Table 2.2 Measured EWC and Saturation Time for H~40 (40%) Type 
at Temperature of 23°C
Material Type 
H-40
Measured 
EWC 
±  3%
Weight (g) 
at
Saturation 
± 0.001
Weight (g) 
(Dry) 
Saturation 
± 0.001
Saturation 
Time (h)
±  io%
Diffusion
Coefficient
(g/h)
Small 43.3 1.702 0.965 58 0.060
Medium 42.0 4.230 2.452 160 0.034
Large 41.3 8.687 5.100 400 0.031
Average EWC = 42.2 ± 1.0 %
Table 2.3 Measured EWC and Saturation Time for ED4C (70%) Type 
at Temperature of 23°C
Material Type 
EDS 4C
Measured EWC
±3%
Weight (g)
(Dry)
±  0.001
Weight (g) at 
Saturation 
± 0.001
Saturation 
Time (h) 
± 10%
Diffusion
Coefficient
(g/h)
Small 74.00 0.970 3.731 31 0.120
Medium 72.20 3.530 12.700 113 0.113
Large 69.04 7.384 23.848 213 0.108
Average EWC = 71.75 ±2.5%
Table 2.4 Measured EWC and Saturation Time for ED4C (70%) Type 
at Temperature of 9°C
Material type 
EDS 4C
Measured
EWC
± 3%
Weight (g) 
(Dry)
± o.ooi
Weight (g) at 
Saturation 
± 0.001
Saturation 
Time (h) 
± 10%
Diffusion
Coefficient
(g/h)
Small 78.6 0.914 4.271 30 0.120
Medium 77.3 3.457 15.25 168 0.113
Large 76.7 7.228 31 287 0.108
Average EWC = 77.5 ±0.97%
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2.2 HYDRATION STUDY
One of the most important features of the hydrophilic material is 
the ability to absorb water. This feature was studied for several
reasons:
1 . to establish the saturation level of the material used
2 . to determine the time needed for the material to be saturated
3. to verify the EWC
2.2.1 Experimental Procedure
Two solid rods of hydrophilic material samples (one of ED4C 
and one of H-40) were provided by Dr. Highgate (Chemistry 
Department, University of Surrey). Each solid rod was cut into 
three (3) different thicknesses.
A precise measurement of weight, thickness and diameter was 
done for each sample.
The three (3) samples of both materials were immersed in 
water at room temperature. The time and related weight increases 
for each sample were recorded. The sample was considered to be 
saturated (fully hydrated) when the weight did not increase 
anymore, no matter how long the sample remained immersed in water 
beyond that point.
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2.2.2 Results
After the material reached the saturation status (maximum 
uptake), the data was analyzed to verify the EWC of each
material.
Tables 2.2, 2.3, and 2.4, show the summary of the results 
for H-40 and ED4C (72%) immersed in water at 23°C and ED4C
hydrophilic material (immersed in water at 9°C).
The experimental EWC for each type agreed well with the EWC
given by the manufacturer. The difference between the 
experimental EWC and the manufacturer specified EWC was 0.5% for 
H-40 type and 0.3% for ED4C type at 23°C.
The measured EWC showed a higher value for small size 
samples when compared with larger sizes. The difference between 
the measured EWC and manufacturer specified that EWC increases as 
the size of the sample decreases, or the EWC decreases as the 
sample size increases within each type. For example, the EWC for 
H-40 type varied from 41±1% for small size, to 43+1% for large 
sample. Placing the ED4C (72%) type in cold water (9°C) 
increased the capability of the hydrophilic material to absorb
water. The EWC increased from 72% as reported by the
manufacturer to 78%. Figs. 2.2, 2.3, and 2.4 show the plotted 
curves of sample weight (g) as a function of time for H-40 type.
The curves have an inverted exponential-1 ike behaviour. The
curves show sharp increases (fast absorption rate) in the first 
part of the curve but then the concentration tends to slow down 
(slow uptake rate) before it reaches saturation (maximum uptake).
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Fig. 2.2 Water Concentration in H-40 vs. Time 
(Small, 2.05 mm thickness, sample)
13
Sa
mp
le 
(g
)
Time (h)
Fig. 2.4 Weight (g) of the H-40 sample vs. time (medium, 5.02 mm 
thickness, samples).
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Fig. 2.3 Weight (g) of the H-40 sample vs. time (large, 10.08 thickness, sample)
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2.2.3 H-40 Type
The small sample (2.05 mm thickness) of H-40 type
hydrophilic material absorbed water at a high rate. The material 
absorbed 60% of the saturation weight in only 7 ± 1 h. The
material kept absorbing the water at the same rate until it 
absorbed 80% of the saturation weight in 20 + 2 h, then the
absorption rate slowed down until it reached a saturation state. 
The material took 20 hours to reach saturation, 100% uptake, from 
the 80% uptake. The saturation time for this sample is 58 + 6 h.
The medium sample (5.02 mm thickness) of the H-40
hydrophilic material had a lower absorption rate compared to the 
2.5 mm thickness. The material absorbed 60% of saturation weight 
in 30 + 3 h and 80% in 50 + 5 h. The sample reached saturation 
in 160 + 16 h.
The large sample (10.08 mm thickness) of the H-40
hydrophilic material had the lowest absorption rate compared to 
the other samples. The sample absorbed 60% of the saturation
weight in 70 + 7 h. The sample absorbed 80% of the saturation
weight in 100 + 10 h, and reached saturation in 400 + 40 h.
2.2.4 ED4C Type
The ED4C samples (72% uptake), showed the same 
characteristics and produced similar absorption rate shapes. The 
difference was that the ED4C sample had a higher absorption rate 
compared to the H-40 sample. The ED4C small sample (2.05 mm 
thickness) reached saturation in 31 + 3 h compared to 58 + 6 h
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for the H-40 small sample. The large sample (10.08 mm thickness) 
of ED4C type reached saturation in 213 h + 20, while the sample 
of H-40 type reached saturation in 400 hours.
The cold temperature did not affect the absorption rate 
curve or saturation time, but the amount of water at the 
saturation state showed an increase, i.e. the EWC was increased. 
For example, the saturation weight for the small sample at 23°C 
was 3.73 g + 2%, while the saturation weight for the large sample 
at 23°C was 23.85 + 2%, whereas the saturation weight at 9°C was 
4.27g ± 2% and 31.00 g + 2% for small and large samples 
respectively. The EWC for the sample immersed in 23°C water was 
71.75 ± 2.5 while the EWC for the sample immersed in 9°C water 
was 77.53 ± 0.97, which is equal to an 8% increase of EWC.
THEORY BEHIND THE MODEL FOR WATER ABSORPTION IN 
HYDROPHILIC MATERIAL
This phenomenon can be explained as diffusion between two 
compartments, water and hydrophilic material. A sample of dry 
hydrophilic material assumed to be compartment 1, is immersed in water, 
assumed to be compartment 2. The rate of diffusion of solute from one 
compartment to the other is proportional to the difference in 
concentration between the two compartments C-, and C2. In a short 
interval of time, the amount of solution (q) that will cross the 
barrier will be:
where K is a constant depending on barriers, solute, geometry, 
etc. Since C is the solute concentration, and
r* =  S. _ moles 
V liters
where V is the volume of each component, then the rate of change 
of concentration of each compartment (assuming compartment volume 
is constant) will be:
dCj. = _1_ dq_ = K . (C l. c 2) 2.2
dt V! dt V, ^
= #-(C,-C2) = V, 
dt V 2 dt V 2 v dt
2.3
The hydrophilic material is immersed in water, and the only items 
of interest is the concentration of water in the hydrophilic material, 
Eq. 2.2 is used.
Now, let the initial concentration of compartment #1 be C 1 (0) 
and the initial concentration of compartment #2 be C2(0). Thus, in the 
initial state, the total amount of solute present is
Q r = ViCi (0) + V 2C 2 (0) 2 4
The initial concentration of the hydrophilic material is zero,
i.e. Cl (0 ) = 0 , and the initial concentration of water is one, i.e. C2 
(0) = 1. Then the total amount of material is
Qr — V2 2,5
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The hydrophilic material needs a sufficient immersion time in 
water to reach an equilibrium condition (or saturation status). In the 
two compartment methods, the solute at the equilibrium condition is 
distributed through a volume V1 and V2. Therefore, the concentration 
at equilibrium is given by
v ,c ,(0) + v 2c 2(0) 
c <°°) =  VXY
but as discussed above, the C/O) for hydrophilic material is equal to 
zero, i.e. V 1 C.,(0) = 0 and the initial concentration of water, C2 (0) =
1. Thus, concentration at equilibrium for the hydrophilic material is
c (oo> = _ Y l _  2.7
*-'w  V i + V 2
if we consider V2, as the amount of water absorbed by the hydrophilic 
material at equilibrium condition, then the above equation will be 
represented in terms of weight (w) if V1 + V2 is multiplied by the 
density of each compartment. Therefore, equation 2.7 could be modified 
to
Cfoa) =  — W j  2.8
(> Wi + W 2
where W 1 + W2 are the weights of the fully hydrated hydrophilic 
material, then C(<») is exactly equal to EWC.
The plot of the concentration as a function of time, Figs. 2.2, 
2.3, and 2.4, shows that the curve has an inverted exponential-!ike 
behaviour as mentioned before in which the concentration starts from 
C^O) and goes to the final value C(«).
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differential equation, the general function for concentration of
component 1, C1# as a function of time is (Simon, 1986),
C,(t) = Ci(0) + [(C(oo) - C(0)3 (l-e-^O 2.9
Since the initial concentration of hydrophilic material Cj(0) is equal 
to zero, then the above equation could be modified to
Ci(t) = C ( o o )  (l-e“ac0 2.10
where o c  =  and r  is the time-constant (h*1).
Then equation 2.10 becomes
Ci(t) = C (oo)(l-e“4) 2.11
The concentration data were normalized by dividing both sides of
the equation by C(<«). This ensures that the maximum value of the
concentration is equal to 1. Then equation 2.10 becomes:
c i(t) _ , [j_e -’ l 2.12
O W  ‘ L J
where C1(t)/C(«>) is equal to the concentration fraction relative
to the maximum concentration.
2.4 D A T A  FITTING
Equation 2.12 was applied to the collected data of each of the 
three samples of H-40 and ED4C hydrophilic types.
Fig. 2.5, Fig. 2.6, and Fig. 2.7 show the plot of fitted and actual
data for percentage concentration versus time for small, medium, and
large samples of ED4C type, when immersed in water of 9°C temperature.
Knowing t h i s ,  and s o l v i n g  equation 2.1 for  the f i r s t  degree
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The equation produces good least-squares fit of hydrophilic data. 
Fig. 2.8, Fig. 2.9, and Fig. 2.10 show the plot of the experimental
percentage concentration data versus time, as well as the fitted data
for small, medium, and large samples of H-40 type.
Fig. 2.5 shows the fitted curve and experimental values of %
uptake vs. time for the large sample of ED4C type. The theoretical 
model predicted a lower absorption rate from 0 to 60% uptake status and 
higher absorption rate after 60%, as compared to experimental values. 
For example, after 20 h of immersion, the model predicted 30% uptake of 
water, but the experimental values showed a 40% uptake. The error 
varied from a maximum of 33% at lower percentage uptake to 2% error at 
96% uptake, although the model predicted "r" and saturation time
accurately within +2%
Fig. 2.6 shows the fitted curve and experimental values of %
uptake vs time for the medium sample of ED4C. The theoretical curve 
gives a better fit when compared to the large sample and shows the same 
curve characteristics when compared to experimental values. The model 
predicted the percentage uptake with a maximum error of at 20-hour 
immersion and 2% after 100 hour immersion.
Fig. 2.7 shows the fitted curve and experimental values of %
uptake vs. time for the small sample of ED4C type. The small sample
shows an excellent fit for all the % uptake levels. The difference 
between predicted values and experimental values is less than 2%.
Fig. 2.8 shows the fitted curve and experimental values of %
uptake vs. time for the large sample of H-40 type.
21
% 
U
pt
ak
e
—  Fitted 
0 Actual
Time (hours)
Fig. 2.5 Plot of Uptake versus Time for hydrophilic material (70%, 10.08 mm thickness, 23 mm diameter)
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Fig. 2.6 Plot of Uptake versus Time for hydrophilic material (70%, 5.02 mm thickness, 23 mm diameter)
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Fig. 2.7 Plot of Uptake versus Time for hydrophilic material (70%, 2.05 mm thickness, 23 mm diameter)
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The model has a much better curve fitting to experimental values 
compared to the ED4C type. But, again the predicted curve shows the 
same characteristic which predicted a lower absorption rate at a range 
of 0 to 60% uptake level. The error after 20 hour immersion was 20% 
(the model predicted 26% uptake while the experiment showed 32%) and 
the error at 100 hours is within 1%. The model predicted the 
saturation time "t" with an error of 1%.
Fig. 2.9 shows the fitted curve and experimental values of % 
uptake vs. time for the medium sample of H-40 type. The model 
predicted better fitting as compared to the large sample. The error at 
20 hours was 13% and the error over the rest of the % uptake range was 
less than 3%.
Fig. 2.10 shows the fitted curve and experimental values of % 
uptake vs. time for the small sample of H-40 type. The model predicted 
an excellent curve fitting to the experimental values. The model 
predicted the same values obtained experimentally.
In general,
1. The model produces better fitting for small samples of each type 
of hydrophilic material
2. The larger the sample of each material, the larger the error 
between predicted values and experimental values
3. The H-40 type shows better curve fitting compared to the ED4C 
type.
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Fig.2.8 Plot of Uptake versus Time for hydrophilic material (40%, 10.08 mm thickness, 23 mm diameter)
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Fig. 2.10 Plot of Uptake versus Time for hydrophilic material (40%, 2.05 mm thickness, 23 mm diameter)
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All the above variations of curve fitting can be explained by the 
following. The assumption was made in the differential equation, that 
the volume of the hydrophilic material is constant (i.e. the volume 
does not change with increasing water absorption), but in fact the
uptake of water by the materials results in an increase in its 
dimension or volume until it reaches the saturation level. So, when a 
sample of hydrophilic material is immersed in water it will absorb 
water and then swell. This will increase the material absorption area 
during absorption time which means an increased diffusion rate into the 
material. But since the model assumed the volume to be constant during 
the absorption process, i.e., the absorption area is constant, this 
results in less water diffusion into the material and would explain the 
following:
a. The lower absorption rate predicted by the model compared to
experimental values at the initial stage.
b. The error in curve fitting for the larger volumes of hydrophilic
material samples
c. Since the H-40 type expands linearly in the ratio of 1.21:1 and
ED4C type expands linearly in the ratio of 1.63:1, this means 
that the water absorption area of ED4C type is larger than the 
water absorption area of H-40 type, which explains the smaller 
error in curve fitting for H-40 type compared to ED4C type.
In conclusion, the model produces a good fit to the
experimental data and predicts the saturation time and absorption 
coefficient ( r )  within 2% of the experimental values. The Chi- 
square test was applied to H-40 type (fully hydrated) data points
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small, medium and large samples were, 0.385, 0.578 and 1.767 
respectively. There were 53 sampling points for the small sample 
and 107 points for the medium and large samples. The P value of
all samples was 0.99, which indicates that the model fits the
data well.
2.5 DRYNESS STUDY
The samples of both types of hydrophilic materials were hydrated 
and dehydrated. The rates of dehydration (the amount of water lost
from the sample within a certain time) were observed over long periods 
of time. The curve of dehydration rate versus time shows the same
characteristics of the uptake curve. The dehydration data were fitted 
to equation 2.12. Fig. 2,11 shows that the equation accurately fits 
the data. The dryness rate (at temperature of 23°C) curve shows that 
the sample lost the absorbed water very fast compared to the uptake 
rate. For example, the sample reaches 60% dryness in 20 + 2 h, while 
the same sample reaches the 60% uptake (the sample absorbed 60% of the 
amount of water at saturation state) in 70 ± 7 h. The sample reached 
total dryness in 160 h + 16, while the same sample reached the 
saturation state in water (fully uptake) in 400 + 40 h.
During the dehydration process shape distortions were observed. 
Fig. 2.12 shows the distortion of the three samples of ED4C type. It 
seems the degree of distortion increases with increasing thickness.
The ED4C samples immersed in water of 9°C temperature totally 
collapsed during the dehydration process at room temperature (23°C).
to  v e r i f y  the curve f i t t i n g .  The Chi-square va lues  f o r  the
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Fig. 2.11 Plot o f water dryness rate o f hydrophilic material (40% , 10.08 mm
thickness, sample). 100% Dryness means that the samples lost all 
absorbed w ater and become totally dry.
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A B
Fig. 2. A picture of three samples of hydrophilic material.
(A) Dehydrated Dry samples; (B) Fully Hydrated samples. 
The distortion of the dehyrated dry sample is shown.
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CHAPTER 3
TISSUE SUBSTITUTES SIMULATION PROCEDURES
3.1 INTRODUCTION
Tissue substitute is defined as any material used to simulate a 
particular body tissue with respect to a set of physical 
characteristics (ICRU-1985). When a volume of a tissue substitute is 
used to simulate radiation interactions, this volume is then called a 
phantom.
Ideally the phantom should correspond to the human tissue that 
needs to be simulated, over a wide energy range, with respect to all 
the following characteristics:
photon mass attenuation coefficient
mass absorption coefficient
electron mass stopping power and mass angular scattering 
power
mass stopping power and angular scattering power for heavy 
charged particles and heavy ions
neutron interaction cross-section or kerma factor
electron density; and
size and shape (White, 1974; Constantinou, 1982).
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Tissue substitutes used in the construction of a phantom must 
have either known elemental compositions and mass densities or known 
measured radiation absorption and scattering properties for the type 
and energy of radiation under consideration (ICRU-1988). This section 
will discuss and review the simulation followed by interaction 
processes of radiation with body tissues.
3.2 TISSUE SUBSTITUTES SIMULATION PROCEDURES
Tissue substitute materials are used in phantom construction to 
represent organs, tissues, and tumors.
Various procedures can be used in the simulation of body tissues. 
White (1978), and White et al. (1982) identified four techniques used 
in the formulation of tissue substitutes.
1. Elemental Equivalent Procedure
A mixture of materials may be chosen so that the tissue substitute 
has the same elemental composition as the type of tissue being 
simulated.
This method is particularly appropriate when the response to a 
particular radiation is expected to depend primarily on the elemental 
composition.
2. Effective Atomic Number (Z) Procedure
This was the most popular method used extensively in the past. 
This method assumed that one effective atomic number could be 
used to characterize the magnitude of a given partial photon 
interaction process. Such an approach proved very useful in the
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past as low energy x-rays, for which the photoelectric effect is 
important, predominated for many years in medical establishments.
3. An improvement on method (2), by White (1977). The method is 
cal 1 ed Extended Y  - Method.
This method involves the use of a set of effective atomic numbers, 
assuming that each contribution to the attenuation coefficient can be 
factorized into a factor depending only on photon energy and a factor 
depending on physical parameters of the material. In 
other words, a factor (Y) characterizes an effect at a specific 
energy and a set of two or three Y values defines a process over 
its predominant energy.
4. Basic Data Method
This method is the most accurate method and involves the selection 
of components of tissue substitute to reproduce selected interaction 
data, attenuation coefficients and electron stopping power over a chosen 
energy range, together with appropriate physical parameters such as 
electrical conductivity and density.
The above 4 methods will be discussed in detail in the following 
sections.
3.2.1 Method Number 1: Elemental Equivalence Method
The elemental equivalence method is the direct approach to simulate 
the tissue substitutes.
All the liquid tissue substitutes produced by this method are 
water-based solutions which have the same elemental composition and the 
same density as the real tissues which they simulate.
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The method was introduced by Rossi and Failla (1956). The authors 
attempted to reproduce an approximate formula for soft tissue (C5 H40 015 
N)n using a mixture of water, glycerol, urea, and sucrose which has the 
formula C5 H37 5 018 N0 97. The solution has a density of 1.11 g/cm3. The 
method of arriving at this formula was not explained by the authors.
Field and Parnell (1965) used Rossi's mixture for neutron 
measurement. The authors modified the mixture to lower the density to 
1 .1 0 g/cm3, and the sucrose was removed.
Goodman (1969) modified that liquid by removing sucrose and 
adjusting the formula mixture. The modified liquid density was 1.07 
g/cm3. Frigerio et al. (1972) produced a liquid system which had the 
same elemental composition as the ICRU muscle. According to this
method, the formula of each compound can be written as the sum of two or 
more components. For example, glycerol and urea can be written as 
C3H803 = C3H2 (H20 ) 3 and NH2CONH2 = CH2N2(H20) respectively. In this
way, the approximate soft tissue formula C5H40 018N can be written as:
0.5 [CH2N2(H20)3 + 1.5 [C3H2(H20)3] + 13 [H20]
The "base material" of this method is water. The other compounds 
should be selected to satisfy the carbon, hydrogen, and nitrogen 
requirements, and adjust the quantity of each component in order to 
match the required C:H:N:0 molar ratio.
Oshino (1973) used a mixture of distilled water, glycerol, urea, 
sucrose, and sodium chloride as a tissue equivalent fluid contained in 
an elliptical polyethylene cylinder as a human phantom. The phantom was 
used to study the response of personnel neutron monitoring film.
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Goodman (1988) formulated a new soft tissue substitute liquid in 
order to have the same composition and density as the ICRU soft tissue. 
Priority was given to matching the H and N contents of ICRU soft tissue 
so that the important neutron reaction with these elements would be 
properly represented. The density of the liquid is 1.08 g/cm3.
Table 3.1 gives a summary of the above six formulations, and their 
atomic compositions are compared.
The first solid tissue substitutes were produced and manufactured
by Shonka et al. (1958) for neutron dosimetry. Shonka's muscle
substitute consisted of polyethylene, nylon, carbon, calcium fluoride
and silica combined at a temperature of approximately 180°C in a special 
mixture. This product was modified in 1975 when the silica was
excluded, the product being widely known as plastic A-150. A very 
important feature of A-150 is its electrical conductivity which is of 
suitable magnitude for the purpose of constructing an ionization
chamber.
Hofert and Larson (1977) built an ICRU phantom to use around the
CERN proton accelerators by loading araldite resin (HR) with poly
ethylene powder up to the necessary percentage of hydrogen. The density
of the mixture (PEAR) is around 1.015 g/cm3. This mixture can be used
as a replacement for Shonka plastic in circumstances where electrical
conductivity is not needed.
The composition of the original Shonka's muscle substitute was
derived from a set of simultaneous equations to satisfy: (a) the
hydrogen content, (b) the nitrogen content, (c) the electrical
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Table 3.1 SUMMARY OF TISSUE-SUBSTITUTE LIQUID
PERCENTAGE BY WEIGHT
Compund
Rossi & 
Failla Liquid 
(1956)
Goodman
(1969)
Field & 
Parnell 
(1965)
Frigerio 
Et al. 
(1972)
Oshino
(1973)
Goodman
(1988)
Water 56.9 65.6 58.2 58.2 56.8 59.9
Glycerol 28.4 26.8 34.3 34.33 28.4 34.5
Urea 7.6 7.6 7.5 7.46 7.57 5.6
Sucrose 7.1 - - - 7.1 -
Sodium
Chloride .
0.133
Density of 
the mixture 
g/cm3
1.11 g/cm3 1.07 g/cm3 1.10 g/cm3 1.04 g/cm3
Not
pulished 1.08 g/cm3
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conductivity, (d) Compton interactions, and (e) photoelectric 
interactions.
The introduction of free carbon (13.5% by weight) for optimal 
conductivity resulted in an oxygen deficiency. Calcium, silicon, and 
fluorine were added to compensate for an oxygen deficiency to match the 
radiation attenuation characteristics of simulated tissues. The density 
of the mixture was about 1.07 g/cm3.
Constantinou (1978 and 1982) formulated over 60 substitutes which 
simulated various tissues, tissue components and body organs very 
closely.
The method devised by Constantinou was based upon three criteria:
1. The number of components in a tissue substitute should be kept 
to a minimum.
2. The most appropriate components for addition to a specified base 
material should be chosen from a library of compounds.
3. The procedure should precisely establish the proportions (by 
weight) of the components of a tissue substitute having the 
important elemental proportions generally within 0.5% (0.1% for 
hydrogen) of those for the tissue.
Constantinou compiled a comprehensive "compound library". The 
following criteria were used for compound selection:
1. A compound must not be carcinogenic (or suspected of being 
carcinogenic), corrosive, toxic, explosive, volatile, 
deliquescent or unpleasant to use.
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2. A compound must not undergo internal reaction or absorb C02 from 
the air.
3. A compound must be stable to radiation over time.
4. A compound must be commercially available and of moderate cost.
Inspection of the new tissue liquid substitutes revealed errors 
less than + 2% for all radiation modalities.
Advantage of Elemental Equivalence Method
The advantages of the elemental equivalence method are:
The most important feature of this method is that the substitute 
being elementally correct and having the correct density, the 
only source of error in the determination of the dose absorbed 
in the real tissue will be due to "phase" differences, i.e. 
differences in chemical binding.
The method is particularly important with regard to tissue 
substitutes for work with protons and neutrons.
The production of liquid substitutes by this method is 
relatively straightforward.
The liquid tissue substitute can be used in internal dosimetry 
for assessment of doses absorbed in various organs from 
radioactive material deposited in other organs. For such 
applications, 2 mm thick perspex sheets can be used to produce 
shell replicas of the organs of interest. These models can be 
filled with the appropriate liquid tissue substitute and placed
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in a man-sized shell phantom which, in turn, is filled with 
"Total Soft Tissue".
The percentage, by weight, of each element of tissue substitutes 
produced by this method is the same as that in the corresponding 
real tissue within ± 0.5%. Similarly, the densities of each 
substitute and the tissue it simulates are within 1 .0% of each 
other. Consequently, they are useful for all types of ionizing 
radiation and energy ranges.
Water is the preferred base material used in this method for 
several reasons:
a. It is an important constituent of many tissues.
b. It is one of the best solvents.
c. It has a high hydrogen content (11.19% by weight).
d. It is readily available and cheap.
Disadvantages of Elemental Equivalence Method:
The disadvantages of this method are:
Due to the low oxygen content of most polymers and resins
compared to most tissues, an exact replication of all the
elements is not possible, and frequently, the elements carbon
and oxygen are considered interchangeable. For those
substitutes in which all elements are correct except carbon (C) 
and oxygen (0), but having a sum (C + 0) the same as that of the
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real tissue, the term "quasi-equivalent" was defined by White 
(1982).
Gel substitutes usually have short-term application, but the 
addition of a bacteriostatic agent (sodium azide) in trace 
quantities preserves them for longer periods.
3.2.2 Method Number 2: Effective Atomic Number (Z) Method
This method was one of the first analytical methods of formulating 
tissue substitutes and has been used extensively since 1937 for creating 
materials to be used with photons.
The photon interaction characteristics for a compound and a given 
partial process (for example, photoelectric attenuation) are said to be 
the same as those for an element with an atomic number 
represented by Z, derived from an equation of the form 
Z = ( Si a^  Z,x )1/x, where a1 is the fractional electron content of
element ls in the compound, and the Z exponent x is a constant dependent 
upon the interaction process under investigation.
The above equation was derived and used by several authors: 
Mayneord (1937), Spiers (1946) and Johns (1953). The value of x 
varying from 2.94 - 3.8 [White (1977); Johns and Cunningham (1983)], 
together with perhaps a consideration of Compton interactions and mass 
densities.
Mayneord (1937) uses x = 2.94 to obtain one Z for absorption 
of all types of low-energy radiation, while Johns (1953) uses unity for 
pair production and obtains Z for absorption of high energy 
radi ation.
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Weber (1969) recommended x = 3.4 for photoelectric effect and x = 
1.7 for coherent scattering.
Johns and Cunningham (1983) reported that the x value for the 
photoelectric effect is about 3 for high Z materials and about 3.8 for 
low Z materials. They recommended 3.5 as the best-fit value for photon 
energies from 30 to 80 keV where the photoelectric process is dominant 
over the Compton process.
In 1946, Spiers showed that the mass attenuation coefficient for 
the photoelectric effect and Compton scattering is directly proportional 
to the product of the electron density (n0) and the effective 
atomic number raised to the power x; so the photoelectric mass 
attenuation coefficient pT/p is given by pT/p a n0 Zx.
While this method had great success in the past and proved to be 
very useful particularly when modest accuracy was acceptable (Jackson 
1983, Kouris et al., 1982), it also has some deficiencies. The summary 
of work is as follows: At some level of accuracy, it is admissible to
write the total atomic cross-section below 1 MeV in the form of:
aa (Z,E) = KPh (E) Z" + Kcoh (E) Z" + (E) Ze 3.1
where crkN is the Klein-Nishina cross-section for scattering from a
e
single, unbounded electron; KPh is the photoelectric contribution + 
binding energy corrections to the incoherent term, and Kcoh is 
the cross-section of coherent term. The exponents m and n are 
determined by fitting data over a range of energies.
The linear attenuation coefficient of the mixture element (M) can 
be given by:
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r - - n-1
Mm (E) - p Ng {Kph (E) Z1"-1 + Kc°h (E) Z + (E)} 3 . 2
where Z and Z are ''effective atomic numbers" defined as:
z = [ s,rt z( m‘ 1 ] 3 ' 3
Z = [ s, r, Z, ] 1/(n'1)
where r, - ( W, Z,/A, )/s, ( W, Z,/A, )
- ( N0/Ng ) ( Wj Zi/Aj )
A-j is the atomic weight of the ith and W-j is the
proportion by weight of the ith element, N0 is
Avogadro’s number and Ng is the electron density.
If the contribution from coherent scattering is small, one 
effective atomic number together with the electron density may be
regarded as the physical parameters which characterize the response of 
the medium to the transmission of x-rays. (Kouris et al. 1982, Jackson, 
1981; Jackson, 1983). The authors proved that coherent scattering
cannot be neglected in the range of 30-150 keV. As illustrated in
Figure 3.1, coherent scattering and the photoelectric cross sections are 
comparable at 60 keV for water and approximately 40 keV for fat. Above 
these energies, the coherent cross-section is greater. Also, accurate 
fits to data obtained using the equation show that the exponents m and n 
must depend both on the photon energy and on the composition of the 
material (Kouris et al., 1982).
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Fig. 5.1 The cross-scctions for photon interactions in water as 
a function o f photon energy (Kouris et al. 1982)
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The main conclusion drawn from the work cited above was the neglect 
of the coherent cross-section, which leads to the definition that a 
single effective atomic number is extremely suspect in the energy region 
relevant to diagnostic x-rays and not satisfactory for accurate work 
with mixtures containing elements of low atomic number such as 
biological tissues (Jackson, 1981).
White (1977) summarized the effective atomic number method as
fol1ows:
a. This method is well suited to the simulation of tissue-like
materials (Z < 20) but not applicable to high Z material,
especially if the energies considered extend below a
photoelectric absorption edge (e.g. 29.2 keV for Sn or 88 keV 
for Pb).
b. According to equation number 3.2, the attenuation coefficient
depends upon the values of Zx, so a small difference in the
value of Z will produce a significantly larger difference in
the attenuation coefficient. A difference of 5% between 
substitute and tissue will produce a 16% error in
the attenuation coefficient.
c. The differences in the electron densities will result in
differences in the coefficients even if the Zx values are
exactly equal.
d. One of the important defects with the application of effective
atomic numbers is the value of the exponent x, accepted for each
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interaction. An incorrect exponent will result in large 
discrepancies between the characteristics of the substitute and 
the material being simulated.
To overcome this problem, White (1977) modified this method 
by developing the Extended Y method.
3.2.3 Method Number 3: Extended Y - Method
This method proposed by White (1977) is a modification of the 
effective atomic number (Z) method. As discussed before the mass
attenuation coefficient, electron density n0 (electron per unit
volume) and Z are related by pT/p « nD Zx. For specific photon
energy, the product n0 Zx, is called Y.
This method was developed to satisfy three basic requirements:
1. The precise establishment of the relative masses of the 
components of substitutes which have attenuation and absorption 
properties within specific limits.
2. The avoidance of arbitrary selection of additives and the 
ability to screen an array of compounds.
3. The elimination of unnecessarily complex mathematical and 
manufacturing procedures by using only two-component 
substitutes. Sets of two or three Y may be used to define 
the interaction effect over an extended energy range where the 
effect pre-dominates.
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By matching these Ys for substitutes and tissue, good simulation 
may be achieved. For example, a substitute S, simulating a tissue 
X, is to be based upon a material, A.
A corrective filler, B, has to be found which, when added to 
material A, will result in a substitute with acceptable radiation
properties.
If the mass attenuation coefficients, at a given energy, for A and 
B are respectively (pT/p)f\ and {pr/p)g, and the materials are mixed 
in the proportions by mass, W/\ and Wg, then by using a mixture
rule, the mass attenuation coefficient for the substitute (p t / p ) s 
may be calculated from ( p t / p ) s =  WA ( p T/ p ) k  +  WB { p r / p ) B . However, 
as the attenuation coefficients are proportional to the Y-values,
then:
Ys = WA YA + WB Yb.
If the Z-exponent, x, has been correctly chosen, this equation
should give a perfect simulation at the one energy point.
Using this method, White (1977) reported Z-exponents for photo­
electric, coherent, and pair production attenuation and absorption 
processes for various energy ranges.
This method did not enjoy success in terms of application. White 
introduced the "Basic Data Method" around the same time (1974, 1977) and 
its immediate application, by formulating some of the modified
tissue substitutes, was the main reason not to use the Extended 
Y-method.
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3.2.4 Method Number 4: Basic Data Method
This method was introduced by White (White 1974, 1977a,b,c). It 
attempted to develop a more general solution to the problem of 
simulation for different tissue types and a range of radiation 
interactions (White & Constantinou, 1982); mainly photons and electrons 
from 10 keV to 100 MeV. This method is based on three principles (White
1977):
1. The procedure must precisely establish the relative weight of 
the components of a substitute having one or more of the 
following interactions within predefined limits:
for photons (10 keV - 100 MeV)
mass attenuation coefficients p/p
mass energy absorption coefficients uen/p
for electrons (10 keV - 100 MeV)
electron mass collision (a//o) co1
radiation stopping power (a/p)vad
electron mass angular scattering
and specific gravity.
d92 
P I
This method could be used in specific applications having 
limited energy ranges and therefore using only a fraction of the 
photon or electron interaction, e.g. mammography (10-40 keV) and 
chest X-rays (120 - 140 keV).
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2. The procedure must precisely establish the relative weight of 
the compounds, i.e. those which are suitable for addition to a 
specified base material. This step is designed to establish
criteria for selecting suitable components for a substitute to 
eliminate the arbitrary selection of corrective additives.
3. Ideally, two-component substitutes (base material and added 
correcting compound) should be formulated. This makes the 
mathematical procedures relatively straightforward. White 
(1977) and White and Constantinou (1982) explain in detail the 
analytical procedure of this method; however, it can be
summarized as follows:
If a substitute S is composed of two components A and B and
precisely simulates a material X at one energy and for one
interaction, the coefficients being respectively Cs, CA, CB, Cx,
and if the addition formula is obeyed, then:
= Gx = WA CA + WB CB 
where W^, Wg are proportions by weight. But Wy\ + Wg = 1,
Cs - Cb
therefore: WA = CA - CB
The slope of the plots of the coefficients versus energy is used
as a method of screening the corrective compounds. For many
interaction processes, (except for incoherent processes and
electron angular scattering), the slopes for the elements are Z 
dependent. White and Constantinou detailed a procedure to apply
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this method once the tissue and the base material have been 
identified.
3.3 HISTORY OF TISSUE SUBSTITUTES
The efforts to use tissue substitutes started after the discovery of 
x-rays in 1895. This section will give a short summary of the development of 
tissue substitutes since the beginning of this century.
Pre-1904 
End 1904
1906
1913
Keinbock
F.T. Christen
Water-wax for x-ray measurements.
Concept of adding compounds to wax in 
order to improve its attenuation 
properties is introduced.
Stated that 1 mm of aluminium foil is 
equivalent in absorption power to a layer 
of water or muscle, 1 cm thick. (White,
1978)
Introduced solid water substitute in the 
form of bakelite.
1922
1925
Baumeisten
A. Fernau
Stated that wax had the same absorption 
and scattering properties as tissue for x 
and 7 rays. (White, 1978)
Used ivory as a bone substitute. (White, 
1978)
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1937 Fai11a
1937
1937
1943
1944
1946, 1949
1949
Trubestein
P. Ott.
Spiers
Edling
Spiers/Raine
Jones and Raine
Introduced Presswood, compressed 
cellulose material as muscle substitute. 
(White, 1978)
Used glycerol trioleate (triolein) as a 
fat substitute. (White, 1978)
Introduced Siemen's wax, a mixture of 
paraffin wax and magnesium oxide which 
had improved attenuation properties 
compared to wax alone. (White, 1978)
Measured properties of a number of woods 
and Presswood and concluded that 
Presswood was not suitable for low photon 
energies.
Developed some mixtures of rice and 
sodium bicarbonate as muscle or water 
substitutes. (White, 1978)
Developed a cellular lung substitute 
called Zellstoff. (White, 1978)
Used plaster of Paris and glass to 
simulate bone. (White, 1978)
Produced a water substitute called 
"MIX D" - a mixture of paraffin wax, 
polyethylene, magnesium oxide, and 
titanium dioxide (60.8%, 30.4%, 6.4% and
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1953 Lindsay and Stern
1956 Rossi and Fail!a
1958 Shonka et al.
1961 Stacey et al.
1962 Alderson e t  a l .
2.4%) with electron density of 3.36 x 
1023 electron/cm3 and effective atomic 
number 7.47. (White, 1978)
Introduced a bolus of materials
consisting of sucrose and magnesium 
carbonate (Lincolnshire bolus).
Introduced liquid and gel systems based 
on approximate soft tissue formula 
(C5Hio018N)n. These systems in
particular, the liquid mixture of water, 
glycerol, urea, and sucrose use 
extensively in both original forms and 
also with small variations in 
composition.
Manufactured a series of electrically 
conducting plastic to simulate muscle, 
bone, air, and polystyrene. (Compounded 
from a number of polymers and inert 
filters).
Introduced TEMEX material (depolymerized 
natural rubber with addition of carbon 
and titanium dioxide).
Introduced the RANDO system (synthetic 
isocyanate rubber with fillers of
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1962
1964
1969
1969,
1974
1975
Woodard
ICRU Report 
Published by NBS
Weber and 
Denberge
1972 Frigerio and 
Sampson
White
ICRP-23
phenolic microspheres and antimony 
trioxide).
The phantom was made by placing a human 
skeleton into a three-dimensional mould 
and embedding it into the RANDO system. 
The phantom measured 6 8" tall and weighed 
162 lbs.
Described the elemental composition and 
mass density of cortical bone.
Gave the elemental composition of muscle 
and compact bone.
Published a new analysis of effective 
atomic number.
Developed liquid systems to stimulate 
mass and muscle tissue.
Introduced two new formulation procedures 
and improved tissue substitutes.
Published the reference man concept which 
included information on organ, tissue 
masses, mass densities, water, fat and 
protein content of some 112 important 
biological systems. Elemental data 
included a concentration of 51 elements
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1977
1977
1978
1986
in 81 organs, tissues and tissue 
components.
HPA Reported in detail the photon and
electron characteristics of some 33 
tissue substitutes at eight energy 
points.
Smathers et al. Reviewed the 14 samples of A-150 plastic
and based on these data and the 
formulation of the plastic arrived at a 
suggested composition for A-150 tissue- 
equivalent plastic.
Constantinou Applied the modification of elemental
equivalence method and formulated over 60 
substitutes of liquid solutions and gels 
simulating muscle tissue, blood, brain, 
kidney, liver, thyroid, average breast, 
total soft tissue and total skeleton.
Herman et al. Produced RW-1 (a water-equivalent plastic
material), RM-1 (muscle-equivalent 
material) and RF-1 (fat-equivalent 
material) by mixing polyethylene powder 
with CaCOg and MgO. These tissue 
substitutes were effective for x-rays in 
the tube voltage range of 10-100 kV.
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1986
1986
1989
1991
1992
1992
Woodard & White 
Woodard & White
ICRU-44
White, Widdowson, 
Woodard and 
Dickerson
ICRU-46
ICRU-48
Reassessed the composition data given by 
ICRP-23.
Gave the water, lipid, protein, 
carbohydrate and ash content, together 
with elemental compositions, mass and 
electron densities for 56 body tissues.
Published the elemental composition of 24 
healthy, adult body tissues. Sixty-two 
tissue substitute formulations were
presented in the report. They included 
solids, powders, liquids, gels, and 
gases.
Reviewed the effects of age on the 
composition of healthy tissues. Eleven 
soft tissues and cortical bone were 
considered. Elemental compositions, mass 
and electron densities were tabulated for 
the tissues as function of age, from
fetus to young adult.
Published photon, electron, proton and 
neutron interaction data for body
tissues.
Published reports, described and
evaluated phantoms and computational 
models in therapy, diagnosis and
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predominantly with phantoms and 
computational models representing human 
phantoms in radiobiology. The
information provided a description of the 
phantom or model together with diagrams 
or photographs and physical dimensions. 
The tissues within body reactions were 
identified and the recommended tissue 
substitutes were listed. The uses of the 
phantom or model in radiation dosimetry 
and measurement were outlined.
Table 3.2 shows a summary of the most used tissue equivalent materials 
in medicine.
p r o t e c t i o n .  The report  d e a l t
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Ta b l e  3.2
Summary of the Most Used Tissue-Equivalent Materials
A. In the period of 1949 to 1962, 5 major systems were developed for photon 
radiation:
1. Mix D
2. Rossi - Failla liquids and gels
3. Shonka plastic
4. TEMEX
5. RANDO
B. 14 tissue substitutes and bolus materials for electron and photon 
radiations are used extensively in medical application for different organs.
■ MUSCLE substitutes: water, wax, Mix D, polystyrene, TEMEX sheet,
Perspex and Presswood.
■ FAT substitute: polyethylene, sponge
■ LUNG substitute: cork, sponge
■ BONE substitute: aluminum, Shonka bone, sulphur
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3.4 INTERACTION OF RADIATION WITH BODY TISSUES
The interaction processes occurring within irradiated tissue are 
dependent upon the type of radiation being employed, the radiation 
energies, and the composition of the tissue. Equivalence in relation 
to photons, electrons and neutrons will be discussed in the following:
3.4.1 Photons Interaction
Photons interact in the main body tissues by an energy-dependent 
combination of (ICRU-44, 1989):
a) photoelectric absorption
b) Compton (incoherent) scattering
c) coherent scattering
d) pair production
These processes vary greatly with the energy of the radiation. 
Most absorption is due to the photoelectric process at diagnostic 
energies up to 50 keV, whereas in the 60 keV to 90 keV range the Compton 
process is about as important as the photoelectric effect. From about 
200 keV to about 2 MeV, only Compton absorption is important. Pair 
production begins to be important only in the 5 MeV to 10 MeV range.
All processes depend upon electron density (n0) [electrons/volume], 
which in turn is influenced by the high electron density of the hydrogen 
content (3-12% by weight) of tissue (White, 1982). Consequently, the 
high-Z constituents and hydrogen content of a tissue together with its 
density are the important factors that govern the transmission of a beam 
of photons through a given thickness of the tissue.
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Coherent Scattering (Rayleigh Scattering)
The name of coherent scattering is given to those interactions in 
which radiation undergoes a change in direction without a change in
wavelength.
Rayleigh scattering involves a low energy photon which encounters 
the electrons of an atom and sets them into vibration at the frequency 
of the radiation. A vibrating electron because it is a charged 
particle, emits radiation.
Coherent scattering is a process in which no incident energy is
converted into kinetic energy and all is scattered. This process mainly
occurs at low energies for large Z values where the electron binding
energies influence the Compton effect. The scattering coefficient Scoh, 
depends on Z2, Johns stated that this process is often neglected in
most calculations of radiological interest for the following reason
(Johns 1984):
a) it involves no absorbed energy
b) at certain energies the Scoh may be large compared with Sincoh, but at
these energies the photoelectric cross section is very much larger 
than either Scoh or S1ncoh
However, the process cannot be neglected. Reference to tabulated 
cross-sections shows that the photoelectric cross section and the 
coherent cross-section become comparable at approximately 100 keV for 
water and approximately 60 keV for fat. Above these energies the 
coherent section is larger than the photoelectric cross section in water 
as shown in fig. 3.1(Kouris et.al, 1982).
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Another example is found in the case of carbon, which may be taken 
as typical of the low atomic number material which is important in
biology and radiation dosimetry. Coherent scattering contributes a 
maximum of 15% to the total attenuation cross section, and this occurs 
at about 20 keV (Greening 1985).
Photoelectric Effect
The photoelectric effect is a phenomenon in which a photon
interacts with an atom and ejects one of the orbital electrons from the 
atom. In this process, the entire energy h^i of the photon is
transferred to the atomic electron. The kinetic energy of the ejected 
electron is given by
E = hi/ - EB
where Eg is the binding energy of the electron in the atom.
The electron, which is ejected from the atom, is referred to as a 
photoelectron. The ejection of the photoelectron leaves a hole in the 
shell, thus leaving the atom in an excited state. The hole can be
filled by an outer orbital electron with the emission of characteristic 
x-rays.
There is also the possibility of emission of Auger electrons which 
are monoenergetic electrons produced by the absorption of characteristic 
x-rays internally by the atom.
The characteristic of photons and Auger electrons released during 
photoelectric interactions in tissue possess an energy usually less than
0.5 keV (The average binding energy is only 0.5 keV for K electrons in
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soft tissue). These low-energy photons and electrons are absorbed 
rapidly in surrounding tissue.
The probability of photoelectric interactions decreases rapidly as 
the photon energy is increased. In low Z material, generally the mass 
attenuation coefficient p/p varies roughly as p/p « I/E3 , where E 
is the photon energy. The relationship for high Z materials is more
complicated. The absorption edge of K and L and M electrons may be 
involved. For example the graph of mass photoelectric attenuation 
coefficient, p/p versus photon energy, for lead has discontinuities at 
about 15 and 88 keV (absorption edges) which correspond to the binding 
energies of L and K shells. At the K absorption edge, the photon has 88 
keV energy which is just enough to eject the K electron. The absorption 
probability in lead at this critical energy increases dramatically, by a 
factor of about 10 (Johns 1983)(Weber 1969) (Hine 1952).
The variation of photoelectric interactions with atomic number is 
complicated by the absorption edges, but in the energy region above the 
absorption edge the photoelectric cross section per atom varies as Z4. 
Since each atom contains Z electrons, the coefficient cross section per 
electron depends upon Z3. (Johns suggests that the coefficient per atom
for low Z material varies between Z4-8 and Z3-8 for coefficient per
electron).
The photoelectric effect is the predominant process at low energy. 
For a low atomic number material such as oxygen at 10 keV, 93% of the 
absorption takes place by photoelectric process, whereas at 100 keV only 
about 1.7% is due to this effect (Hine 1952). The same effect was
observed on muscle at the same energy (ICRU-44). In general, the
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photoelectric absorption process increases with increasing atomic number 
of the absorber and decreases as the energy of the radiation is
increased (Hine 1952).
Compton Effect
Gamma and x-ray photons with energies between 30 keV and 30 MeV
interact in soft tissue predominantly by Compton scattering.
In the Compton process, the photon interacts with an atomic
electron as though it were a "free" electron. The term "free" here
means that the binding energy of the electron is much less than the 
energy of the bombarding photon. In this interaction, the electron
receives some energy from the incident photon (hv0) and is ejected at an 
angle e. The photon (hi/’) with reduced energy is scattered at angle <f>.
If we apply conservation of energy and momentum to the collision it 
may be shown that:
e (Com pton electron)
The relation between the angle of electron recoil and scattered 
photon could be represented by the following equation:
cot e= ( 1 + « ) tan <f>/2 3.4
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E 3 .5
1 r 1
1 + a (1 - COS (f>) J
3.6
where hv0, hi/' and E are the energies of the
incident photon, scattered photon, and electron, 
respectively and « = hi/0/n\,c2, where m0c2 is the rest 
energy of the electron (0.511 MeV). If h^0 is
expressed in MeV, then « =fwo/0.511.
The kinetic energy of the recoil or Compton electron equals the
energy lost by the photon, assuming that the binding energy of the
electron is negligible.
If the incident photon energy is much less than the rest energy of 
the electron, most of the energy of the incident photon is retained by 
the scattered photon. Only a small fraction of the energy is
transferred to the electron.
If the incident photon has a very high energy, most of the energy 
is transferred to the Compton electron, and only a small fraction of the 
energy of the incident photon is retained by the scattered photon.
Since the Compton interaction involves essentially free electrons
in the absorbing material, it is independent of atomic number Z, and the
mass attenuation coefficient variation, p/p, is independent of Z and
depends on the electron density (number of electrons per unit volume).
64
The cross section per electron, aet is independent of Z. The cross 
section per atom, a a t 0 m> (  a a to m  =  a e  z  )  is Proportional to Z. The 
Compton component ac/p of the mass attenuation coefficient is 
proportional to aatom/M and therefore to Z/M. This varies only with Z, 
except for the case of hydrogen for which it is about twice that of 
other low Z elements(Greening, 1985).
Pair Production
Pair-production is a high-energy absorption mechanism. At photon 
energies greater than 1.022 MeV, a photon may undergo an interaction 
when it passes near the nucleus of the atom and is subjected to the 
strong field of the nucleus. In this interaction the photon disappears 
and in its place is a positive and negative electron pair. The positron 
combines with one of the free electrons to produce, at least, two 
photons of radiation (annihilation). During pair-production, energy in 
excess of 1.022 MeV is released as kinetic energy of the two electrons.
hv (MeV) = 1.022 + (Ek)e- + (Ek)e+
Occasionally, pair production occurs near an electron rather than 
near a nucleus. An interaction near an electron is termed triplet 
production as the electron recoils giving a third energetic particle. 
Hence three ionizing particles, two negative electrons and one positive 
electron, are released during triplet production. The threshold for the 
reaction 4mc2 = 2.044 MeV. The atomic cross reaction for triplet
production is small compared to the nuclear pair production cross 
reaction for the same atom. The ratio of triplet to pair-production in 
atomic cross section increases with the energy of incident photons and 
decreases as the atomic number of the medium is increased. For example
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the probability of the triplet cross section is only 1% of the pair-
production cross section, rising to 5-10% for Z = 10.
The mean direction of the positron/electron pair is close to that
of the incident photon. Their average angle of departure relative to
the incident photon is roughly:
9 “  m0c2/E ,  where E is the energy of the incident photon.
Since pair-production occurs in the field of the nucleus, 
the atomic cross section is proportional to the atomic number 
squared (Z2).
3.4.2 Mixture Rule
The primary attenuation of gamma-rays in chemical compounds or
other mixtures of elements is assumed to depend only upon the sum of the 
cross sections presented by all the atoms in the mixture. Because
chemical bonds are only on the order of a few electron volts, these have
no significant effects on the Compton, photoelectric, or pair production 
interactions. The mass attenuation coefficient of a chemical compound 
or mixture can be approximately evaluated from the weighted sum of the 
mass attenuation coefficients of the constituent elements. Thus,
(M/p)mix = 2  W;
gives the mass attenuation of the coefficient of a 
mixture or compound, where Mi/#i is the mass
attenuation coefficient of the 7th element and w-j is 
its fraction by weight.
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For a chemical compound with the chemical formula (AJa! (A2)a2 
(An)an the weighting factor for the 7th element is given by:
n
w. = a: A,/ Z  a  Ai
J=i
where a-j and A-j are the number and atomic mass of the 
7th element respectively.
The mass electron density becomes
n
N = N0 S  W; (Z/A;) = S iN , ’
B J = 1
where N0 Is Avogadro's number, and A is the atomic weight of the /th element.
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CHAPTER 4 
PHOTON ATTENUATION COEFFICENTS USING 
MONOENERGETIC BEAMS
The method of measuring attenuation coefficients is well
documented in many of the earlier publications (Cornner et al., 1970;
Miller and Greening, 1974; Schlz and Nath, 1979; Dhaliwal et al., 1990;
Kerur et al., 1991; Madital et al., 1991; Parthasaradhi et al., 1992;
and Jayaraman et al., 1992). Extensive theoretical compilations on 
photon attenuation coefficients are also reported (e.g. Hubbell, J.H., 
1977; Hubbell, J.H., 1982) over a wide range of photon energies on a 
number of elements and compounds. The photon attenuation coefficients 
can be measured on a good geometry or narrow beam geometry set-up by 
conducting transmission experiments. Transmission experiments for 
hydrophilic material have been conducted on a good geometry set-up at 
different photon energies with the use of a High Purity Germanium 
(HPGe) detector coupled to a multi-channel analyzer. The results of 
mass attenuation coefficients were then compared with values computed 
using ATOM software (Berger and Hubbell, 1987).
As gamma radiation passes through matter, it undergoes absorption 
by interacting with atoms of the absorbing the material, principally by 
the photoelectric effect, the Compton effect, and by pair production. 
The result is a decrease in the intensity of the radiation with the 
distance traversed through the absorbing material.
The decrease in the energy of an incident beam of gamma radiation 
is exponential in form as expressed by
I = I0 e -/** 4.1
4.1 Introduction
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On the basis of a hypothetical experiment in which a perfectly 
collimated monoenergetic beam of photons of energy E and intensity I0 
is allowed to traverse an absorber of uniform thickness, t, and
density, p, and is detected by an ideal detector which records only
those photons of energy E whose direction is identical to that of the 
incident beam. This transmitted beam has intensity I, and p (length)-l 
is the photon linear attenuation coefficient. The linear attenuation 
coefficient has the disadvantage of being dependent on the density of 
the absorber. Therefore, the mass attenuation coefficient is widely 
used and is defined as pfp (area/mass), where p, is the density of the 
absorber (mass/volume).
The mass attenuation does not change with the physical state of a 
given absorber.
Therefore, the mass attenuation coefficient may be obtained 
experimentally by using the following equation:
I/I0 = exp [- {p/p) x 1 4.2
where * is the mass per unit area of the material.
The validity and accuracy of any experimental determination of 
p/p are governed by the extent to which the apparatus fulfills the 
requirements implied in the derivation of the above equation.
These requirements may be enumerated as follows (Miller and Greening, 
1974):
1. The incident beam is perfectly collimated.
2. The transmitted beam detected is also perfectly collimated.
3. The incident photons are monoenergetic of energy E.
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To verify the above conditions, narrow beam geometry was set up. 
The essential characteristic is that only photons from the source which 
escape interaction in the absorber can be counted by the detector.
4.2 Methods and Experimental Set-up
The geometrical set-up used to study the attenuation coefficient 
is shown in Fig. 4.1A and 4.IB. The set-up consisted of a multi­
channel analyzer with a High Purity Germanium detector (HPGe). The 
detector was chosen for its high energy resolution. The HPGe (Table
4.1 gives the specification of the detector) system consisted of the 
following components:
1. High Purity Germanium (HPGe) detector.
2. Liquid nitrogen cooling system and vacuum system.
3. Detector electronics (Preamplifier, Main Amplifier and Multi
Channel Analyzer (MCA).
The description and properties of the system are explained in Annex #1.
In order to obtain accurate measurements of photon attenuation 
coefficients, the detector has to have two main characteristics: energy 
resolution and good counting efficiency. Both characteristic were 
measured for the HPGe detector. Energy resolution is defined as the 
ability of the detector to distinguish closely-spaced gamma-ray lines 
in the spectrum and is given in terms of full width half maximum (FWHM) 
(Knoll, 1988). In order to measure energy resolution an energy 
calibration has to be established. This is an essential requirement 
for the measurement of gamma emitters which the identity of full energy 
photopeaks present in a spectrum produced by the detector system has to 
be exact. (ANSI/IEEE, 1986; Knoll, 1988).
5. The absorbing mater ial  i s  homogeneous.
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1 3 cm
Source
Collimator
Holder
Sample
Collimator
Detector
Fig. 4.1 A Experimental set-up which includes detector, 
collimators, sample position and source.
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Fig. 4.1B Top and front view pictures of the collimators.
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Table 4.1 Detector Specifications and Performance Data
MANUFACTUTER: Canberra
SPECIFICATIONS: Model Number 715005 Serial Number 1912609
The purchase specifications and therefore the warranted performance of this detector are as 
follows:
PHYSICAL/PERFORMANCE DATA
Actual performance of this detector when tested is given below.
Geometry___________________________________________________
Active Diameter _________ 25.2_____________ mm
Active Area _________ 500______________ mm2
Distance from window 5_____  mm
Window thickness 0.125 mm
Resolution with Amp Time Constant of 12 microseconds.
Isotope 57-Co 55-Fe
Energy (keV) 122 5.9
FWHM (eV) 598 191
FWTM (eV) 1123 362
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The energy calibration of the system (i.e. establishing the 
channel number of the MCA in relation to the gamma-ray energy detected) 
was measured with standard gamma sources having energies ranging from 
86.5 keV to 1596.4 keV. The energies and intensities of the sources 
used are listed in Table 4.2. The energies versus channel numbers were 
plotted. As seen in Fig. 4.2, the plot indicated that the energy vs. 
channel number has a good linear relationship.
The energy resolutions were calculated by determining the FWHM of 
several energies. The sources used were Co-60 (1330.29 and 1173 keV), 
Cs-137 (661.6 keV), Co-57 (136 and 122 keV) and Cd-109 (88 keV). These 
sources (energies) are recommended by ANSI standard ( IEEE/ANSI, 1986) 
to test germanium detectors for energy resolution. To verify the 
appropriate choice of FWHM and peak shape quality, the Full Width Tenth 
Maximum (FWTM) was also determined, as the ratio of FWTH/FWHM is often 
given as an indicator of shape quality. The theoretical Gaussian peak 
has a FWTM/FWHM ratio of 1.83 (Kouris et al. 1982; IEEE/ANSI - 1986; 
and Knoll, 1988).
Table 4.3 lists the values of FWHM, FWTM, and ratio of FWTH/FWHM. 
The energy resolution at 88 keV was 480 + 10 eV and 1690 + 30 eV for 
661.6 keV. The table shows that the peak shape qualities were 
excellent and the maximum variation from theoretical Gaussian Peak was 
less than 2%.
Fig. 4.3 shows the plot of FWHM and FWTM versus energy. This 
graph indicates the linear relationship between the FWHM and FWTM over 
energy showing the best resolution being obtained at lower energies 
(<200 keV).
The transmission measurements were performed in a good geometry set-up. 
To achieve this, a collimator was designed to produce a narrow beam
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TABLE 4.2 X-RAY AND GAMMA-RAY ENERGIES, EMISSION 
RATES AND UNCERTAINTIES FOR STANDARD 
REFERENCE MATERIAL 4275C-60
Radionuclide
Photon
Energy
(keV)
Emission Rate 
(x s"4) or (7 s ’ 4 )
1200 EST September 1,1988
Total Estimated 
Uncertainty (%)
125sb-125mTe Kb, 27.4 2.939 x IO4 1.3
U4Eu_155Eu Kb, 42.8 1.734 xlO4 1.3
155Eu 86.5 6.636 x 103 0.9
I55Eu 105.3 4.621 x 103 1.3
154Eu 123.1 2.700 x 104 0.8
*25sb 176.3 3.225 x 103 0.6
154Eu 247.7 4.576 x 103 0.6
125sb 427.9 1.402 x 104 0.8
125sb 463.4 4.928 x 103 0.7
154Eu 591.8 3.275 x 103 0.6
125sb 600.6 8.328 x 103 0.7
^ S b 635.9 5322 x 103 0.6
154Eu 723.3 1.329 x 104 0.6
154Eu 873.2 8.067 x 103 0.7
U4Eu 996.3 6.907 x 103 0.9
154Eu 1004.7 1.197 x 104 0.7
154Eu 1274.5 2.308 x 104 0.5
154Eu 1596.4 1.173 x 103 0.7
* Estimated total uncertainties have the significance of one standard deviation of the mean.
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Photon energy (keV)
Energy Centroid
0<eV) channel
86.5 171
105.3 208
123.1 244
176.3 351
247.7 494
427.9 855
463.4 927
600.6 1202
635.9 1273
723.3 1448
873.2 1748
1004.7 2012
1274.5 2549
1596.4 3188
Fig. 4.2 Plot of Photon energy versus Centroid channel
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TABLE 4 3  VALUES OF FWHM, FWTM AND THE RATIOS OF FWTM/FWHM
Isotope Energy
(keV)
Centroid
channel
FWHM
(keV)
FWTM
(keV)
FWTM/FWHM
Cd-109 88 177 0.48 0.88 1.83
Co-57 122 245 0.57 1.04 1.82
Co-57 136 274 0.61 1.11 1.82
Cs-137 662 1,324 1.69 3.06 1.81
Co-60 1,173 2,347 2.93 5.28 1.80
Co-60 1,332 2,663 3.33 6.05 1.82
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Fig- 4.3 Plot of Full-Width-ai-Half-Maximum (FWHM) and
Full- Width-at- Tenth-Maximum (FWTM) versus Energy
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geometry. The collimator consisted of two parts, each part being a
cylindrical lead shield with a 77mm diameter and 59mm height. The 
upper part of the collimator was designed to host the source. A
special groove was made so the source could be placed reproducibly at 
the same position. The collimator terminated with a hole of 4mm
diameter at the geometrical centre of the cylindrical shield. The
second part of the collimator was placed above the detector and below 
the sample, both ends having a 4mm hole. The distance from the source 
to the detector depended on the sample thickness under investigation
but the minimum distance was 210mm, and the height-to-diameter of the
holes ratio was greater than 55:1 (see Figure 4.1 for assembly and
experimental set-up). With this geometry, the maximum angle of 
acceptance for the scattered photons from the sample seen by the
detector was < 5 deg.
The transmission measurements were performed using an Americium- 
241 (Am-241) variable x-ray source, manufactured by Amersham
International. This source is very compact, containing an Am-241 
primary source of 370 MBq (lOmCi). The primary source was used to 
excite characteristic x-rays from six different metal targets. Table
4.4 gives the specification of the Am-241 source, i.e. target material 
with corresponding x-rays and photon yield for each energy.
4.3 Aluminium Measurement
The sensitivity of the apparatus to determine accurately the mass 
attenuation coefficient was tested by measuring the transmission of 
high purity aluminium samples (>99.9%). The aluminium samples were cut 
into precise thickness varying from 0,1 mm to 11.03 + .01 mm. Linear 
dimensions were obtained with a precision Vernier caliper (+ 0.01 mm),
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TABLE 4.4 X-RAY EMISSION OF 10 mCi AMERICIUM - 241 SOURCE
Target
Selected
Energy (keV)
K a Kfi
Photon Yield 
(photons/sec per steradian)
Cu 8.04 8.91 2,500
Rb 13.37 14.97 8,800
Mo 17.44 19.63 24,000
A g 22.10 24.99 38,000
Ba 32.06 36.55 46,000
Tb 44.23 50.65 76,000
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and masses were measured with a top-loading balance having a precision
of + 1 mg. The accuracy of the balance was ascertained using a series
of calibrated weights.
Measurements of mass attenuation coefficients proceeded via the 
following steps:
1. Narrow beam geometry was set up and the intensity of the detected 
photon beam measured with and without sample in place for several 
energies, 8.04, 13.37, 14.97, 19.6, 36.55, 50.65, 59.5 and 662 
(Cs-137) keV.
2. Mass density was calculated for each sample using surface area
and weight for each.
3. Mass attenuation coefficient was calculated based on the above
data.
4. The experimental mass attenuation coefficient was then compared 
with the mass attenuation coefficient calculated by /com (Berger 
and Hubbell, 1987).
Table 4.5 and Figure 4.4 show the mass attenuation coefficients 
produced experimentally and those calculated by XCOM. The difference 
between the two values varies from 0.9% to 4.3%. The average 
difference is about 2.5%. The accuracy of /COM for high Z-elements 
(sodium and above) is given in terms of 1 or 2% uncertainty for 
energies from 10 keV to 1 MeV and 2 to 3% uncertainty above 1 MeV 
(ICRU, 1992). Therefore this unique set-up can measure attenuation 
coefficients with errors of 2.5% compared to theoretical values.
81
TABLE 4.5 MASS ATTENUATION COEFFICIENT, p /p ALUMINUM, RESULTS
OF THIS STUDY v.s. HUBBLES (XCOM)
Energy (keV) This study
p / p  - (cmVgrn) 
Hubbles Data 
(XCOM)
Error ( % )
8.04 48.53 J: 0.04 49.6 2.15%
13.37 10.93 _± 0.02 11.2 2.39%
14.97 7.839 _± 0.02 8.00 2.0 %
19.6 3.470 _± 0.03 3.44 0.9 %
24.99 1.757 ±  0.03 1.840 4.35%
36.55 0.673 _± 0.03 0.695 3.19%
50.65 0.346 _± 0.02 0.361 3.91%
59.50 0.269 J: 0.04 0.2810 4.3 %
662 0.073 ±  0.02 0.0747 1.47%
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Two types of hydrophilic materials were tested. Type ED4C, which 
has 72% water uptake by weight, and H-40 type, which has a 40% uptake
by weight. The materials were used in the form of solid rods cut to
different thicknesses. Several samples were prepared for each type. 
Linear dimensions were obtained with a precision Vernier caliper, and 
masses were measured with a top-loading balance having a precision of ± 
1 mg. Accuracy of the balance was ascertained with a series of
calibrated weights. The masses of hydrated samples were determined at 
room temperature after eliminating the surface water of the gel with 
filter paper. All samples had measurements made in dry and fully 
hydrated states.
4.4.1 Mass Attenuation Coefficient Measurement
The measurement of ‘ mass attenuation coefficient proceeded as
follows:
1. Narrow beam geometry was setup and the intensity of the detected
photon beam was measured with and without samples in place. The
counting time was varied between 8h and 48h to get the maximum
counts possible thereby reducing the counting error to less than 
1%. A total of 122 spectra were collected for both types of 
hydrophilic material.
2. Mass density (g/cm^) was calculated for each sample. The surface
areas of the hydrated samples were calculated by using an optical 
microscope. The initial gross weight and the final weight of the 
hydrated sample were recorded for each sample spectrum. The 
average weight was used to calculate the mass density. The
hydrated sample was wrapped by a layer of cling film (siloxan
4.4 Hydrophilic Materials
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TABLE 4.5 MASS ATTENUATION COEFFICIENT, p/p ALUMINUM, RESULTS
OF THIS STUDY v.s. HUBBLES (XCOM)
Energy (keV) This study
p / p  -  (cirf/gm) 
Hubbles Data 
(XCOM)
Error (%)
8.04 48.53 jF 0.04 49.6 2.15%
13.37 10.93 ±  0.02 11.2 2.39%
14.97 7.839 ±  0.02 8.00 2.0 %
19.6 3.470 jF 0.03 3.44 0.9 %
24.99 1.757 jh 0.03 1.840 4.35%
36.55 0.673 ±  0.03 0.695 3.19%
50.65 0.346 J: 0.02 0.361 3.91%
59.50 0.269 _± 0.04 0.2810 4.3 %
662 0.073 J: 0.02 0.0747 1.47%
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Fig. 4.4 The mass attenuation coefficients as calculated by XCOM (Hubble) 
and the experimental data o f the mass attenuation coefficients of  
Aluminum versus photon energy.
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film) before placing the sample for counting. The evaporation 
rate (water reduction rate) during the long time measurement was 
calculated. The sample (covered by cling film) lost less than 2% 
of water by weight in 12 hours. Longer measurement times were 
needed for the 122.2 keV energy due to the low activity of the 
Co-57 source. The material H-40, lost about 5.6% of water by 
weight in 48 hours.
3. Based on the above, mass attenuation coefficient was calculated 
using equations 4.1 and 4.2.
4. The mass attenuation coefficients for several body tissues were 
calculated using /COM, the personal computer program designed for 
calculating photon cross-sections based on the elemental 
composition of the materials used, i.e., the tissue substitutes 
and the body tissues. ICRU-46 (ICRU-1992) photon, electron, 
proton and neutron interaction data for body tissues were used to 
get the elemental composition of these materials. The 
uncertainty in the mass attenuation coefficients calculated by 
/COM for low Z elements at low photon energies may range from 5% 
to 10% (Hubbell 1969; ICRU-1992).
4.5 Errors
Overall experimental accuracy is mainly determined by the
following:
counting statistics,
impurities in material,
uncertainty in the thickness of sample, and
error due to small angle scattering.
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Counting statistics depend on background, sampling time, and the number 
of counts under the curve. Incident (I0) and transmitted intensities 
(Ix) were determined for a fixed preset live time in each experiment by 
choosing a narrow region symmetrical with respect to the centroid of 
the photopeak. The background counts under the area were determined 
before and after each set of measurements. The whole apparatus 
(detectors, collimators and samples) was placed inside an iron and lead 
shield to reduce the background. Using this set-up, the background was 
found to be negligible. Also a sufficient number of counts were 
collected under the photopeak to limit the statistical error to < 1%.
The diameter and weight of the absorbers were measured accurately 
within 0.01 mm and 1 mg respectively, and the error in the 
determination of mass per unit area was estimated to be < 0.5%.
High Purity Aluminium (99.9%) was used for determination of mass 
attenuation coefficients of aluminium. The samples used in the 
experiment had uniform thickness. The correction of impurity was 
negligibly small as high purity alloy was used. According to 
theoretical estimates (Berger and Hubbell, 1968), the contribution of 
coherent and incoherent scattering at an angle of 5 degrees for 1 MeV 
photons is < 0.89% and < 0.062% respectively of the measured total 
attenuation coefficient of carbon, while the contribution of coherent 
and incoherent scattering for 0.1 MeV is equal to <0.38% and 0.59% 
respectively of the measured total attenuation coefficient cross 
section of carbon. In the experimental set-up, the maximum angle of 
scattering from sample to detector was <5 degrees and hence, 
corrections for small angle scattering were around 0.5%. Finally, all 
the errors were compounded according to the rules of error propagation,
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and the resultant error is quoted in the measured mass attenuation 
coefficients.
6 Mass attenuation coefficient propagation error:
The standard deviation (SD) in the measurement of the linear 
attenuation coefficient under narrow beam geometries, the photon 
fluence transmitted through an attenuating material, is given by
I w  =  I 0 exp (- pjc)
giving
4.3
The uncertainty in the calculated linear attenuation coefficient is 
given by the following equation (Bevington, 1969; Hasegawa, 1991)
where
dp _  -1
d/(x) x /(x)
dp _  1
d l 0 x l 0
^P _  _1_ In k -
dx x2 11 1 /(*)
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Both gamma emission and gamma-ray attenuations are Poisson processes 
(Knoll, 1979; Hasegawa, 1991). Therefore, the variance of each 
measurement for I and I0 is equal to its mean so that
8/2 = I . St = lo
Then equation (4.4) can be rewritten as follows:
2 r  , t 1 2
2 _
s 2.
1
Ir + JL
_ x l 0
4.5
4.7 Results
4.7.1. ED4C Material (72% water uptake)
Table 4.6 lists the mass attenuation coefficients for ED4C 
material, dry samples and fully hydrated samples (wet), for the 
following energies, 13.37, 14.97, 36.55, 44.23, 50.65 and 59.37 keV.
Table 4.7 lists the mass attenuation coefficients for hydrated 
ED4C, lipid, water, muscle, soft tissue, breast tissue, eyelens, 
thyroid and lucite as calculated by /COM.
If the hydrophilic material is suitable as a tissue equivalent 
phantom, the ratio of mass attenuation coefficient of body tissues 
with hydrophilic material should be one.
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TABLE 4.6 MASS ATTENUATION COEFFICIENTS ( p / p ,  cmtyg), 
FOR DRY AND WET HYDROPHILIC MATERIAL (72%)
p / p
Energy (KeV) Dry Wet
13.37 1.343 _± 0.007 2.183 _± 0.008
14.97 1.006 _+ 0.005 1.622 ±  0.012
17.44 0.703 ±  0.009 1.133 _± 0.003
19.63 0.501 +, 0.012 0.807 ±  0.011
36.55 0.234 _± 0.007 0.377 _+ 0.008
44.23 0.206 _+ 0.004 0.291 _+ 0.015
50.65 1.195 _± 0.005 0.270 _+ 0.004
59.37 0.178 + 0.007 0.243 + 0.005
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hydrophilic material, ED4C, with mass attenuation coefficients of 
lipid, water, muscle, and soft tissue.
The table shows that the lipid has ratios varying from 1.246 at 
59.37 keV and 1.89 at 13.37 keV with respect to the fully hydrated 
sample (ED4C). The dry sample exhibits a ratio of 0.914 at 59.37 keV 
going up to 1.68 keV at 13.37 keV. The dry sample shows good 
agreement with lipid at energies 36.55, 44.23, 50.65 and 59.37 keV.
The water ratio varies from 0.584 at 13.37 keV to 0.861 at 59.37 
keV for the dry samples, whereas the hydrated sample shows a ratio of
0.949 at 13.37 keV and 1.174 for 59.37 keV. The fully hydrated
sample shows good agreement at energies of 13.37, 14.97, 17.44 and 
19.63 keV but this is lost as the energy is increased.
The muscle has a ratio which varies from 0.58 at 13.37 keV to
0.87 at 59.37 keV for dry samples, whereas, the hydrated samples has 
a ratio of 1.06 at 13.37 keV and 1.18 at 59.37 keV. The fully 
hydrated sample shows good agreement with muscle at low energies 
(13.37, 14.97, 17.44 and 1963 keV).
The soft tissue has a ratio which varies from 0.628 at 13.37 keV 
to 0.8783 at 59.37 keV for the dry samples. The fully hydrated
samples have a ratio of 1.02 at 13.37 keV and 1.198 at 59.37 keV.
The hydrated samples show good agreement with soft tissue at low 
energies of 13.37 keV and 14.97 keV.
In general, the hydrated samples show good agreement with water, 
muscle, and soft tissue at low energies, but as the energy increases,
Table 4.8 shows the ratio of mass attenuation coefficient of
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TABLE 4.8 RATIO OF MASS ATTENUATION COEFFICIENT OF HYDROPHILIC
MATERIAL (72%) WITH MASS ATTENUATION COEFFICIENT OF LIPID, 
WATER, MUSCLE AND SOFT TISSUE
Energy Lipid
_±2 %
Water
_±2 %
Muscle
_±2 %
Soft Tissue
± 2%
KeV Dry Wet Dry Wet Dry Wet Dry Wet
13.37 1.168 1.890 0.584 0.949 0.649 1.050 0.628 1 . 0 2 0
14.97 1.152 1.858 0.598 0.965 0.622 1.067 0.641 1.033
17.44 1.128 1.819 0.622 1.003 0.645 1.003 0.742 1.195
19.63 1.627 1 . 0 1 0.592 0.95 0.611 0.984 0.695 1.119
36.55 0.965 1.557 0.797 1.286 0.828 1.337 0.823 1.327
44.23 0.944 1.334 0.833 1.177 0.858 1 . 2 1 2 0.854 1.207
50.65 0.933 1.289 0.847 1.172 0.870 1.203 0 . 8 6 6 1.198
59.37 0.914 1.246 0.861 1.174 0.878 1.198 0.878 1.198
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the ratio increases and as a result, the materials become unsuitable 
as tissue equivalents. The dry samples show that they are good 
tissue equivalent materials for breast (75% fat - 25% muscle) at 
mammography energy range (13.37 to 19.63 keV). The ratio varies from 
1.049 at 13.37 to 1.00 at 19.63.
4.7.2. H-40 Material (40% water uptake)
Table 4.9 lists the mass attenuation coefficients for dry and 
fully hydrated (wet) samples of H-40 hydrophilic material for the 
following energies: 13.37, 14.97, 32.30, 17.44, 19.63, 22.10, 24.99, 
36.55, 44.23, 50.00, 59.50, 88.1, 122.2 and 662 keV.
Table 4.10 lists the mass attenuation coefficients for hydrated 
ED4C, lipid, water, muscle, soft tissue, breast, eyelens, breast 
(adult 2), breast (50/50), thyroid and lucite.
Table 4.11 shows the ratios of mass attenuation coefficients of 
hydrophilic material, H-40, to mass attenuation coefficients of 
water, muscle and soft tissue.
The water has ratios which vary from 0.909 at 13.37 keV to 1.051
at 88.1 keV for hydrated samples, whereas, for the dry samples a
ratio of 0.678 at 13.37 keV and 1.108 at 59.37 keV is shown.
The hydrated samples show excellent agreement with water from 
44.23 keV and above, a ratio of less than 5% from unity is shown. 
For the energies below 44.23 keV, a ratio of less than 10% is
obtained, which is acceptable if the material will be used for
radiation protection purposes.
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TABLE 4.9 MASS ATTENUATION COEFFICIENTS ( p / p , cirf/g ), 
FOR DRY AND WET HYDROPHILIC MATERIAL (40%)
p/p
Energy (KeV) Dry Wet
13.37 1.452 _+ 0.008 1.945 _+ 0.003
14.97 1.114 _+ 0.005 1.418 ± 0.0040
17.44 0.701 ± 0.003 0.938 ± 0.003
19.63 0.554 + 0.012 0.713 _± 0.010
22.10 0.433 0.002 0.531 ± 0.002
24.99 0.354 _+ 0.005 0.428 _+ 0.004
32.06 0.273 _± 0.003 0.304 _+ 0.008
36.55 0.229 ± 0.009 0.276 ± 0.002
44.23 0.224 ± 0.001 0.233 _± 0.003
50.65 0.216 ± 0.002 0.213 ± 0.001
59.37 0.211 _+ 0.007 0.196 _+ 0.005
88.10 0.160 _+ 0.022 0.180 _+ 0.004
122.20 0.138 0.048 0.154 _+ 0.006
662 0.087 _+ 0.002
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The muscle has a ratio which varies from 0.994 at 122.2 keV to 
1.075 at 44.23 keV for hydrated samples. For the dry samples a ratio 
of 0.75 at 13.37 keV and 1.052 at 50.65 keV was obtained. The 
hydrated materials show an excellent match with muscle, the average 
variation being 3% and maximum variation being 7.5% at 44.23 keV.
The dry samples show a good match for energies above 44.23 keV, 
the variation ranging from 3% to 11%.
The soft tissue has a ratio which varies from 0.977 at 13.37 keV 
to 1.07 at 44.23 keV for the hydrated samples and for the dry samples 
a ratio of 0.729 at 13.37 keV and 1.108 at 59.37 keV exists. The
hydrated material shows an excellent match with soft tissue. The
average variation was found to be 2%, and the ratio varies from less 
than 1% to a maximum of 7%.
The breast (whole) 50/50 (50% water/50% lipid), has a ratio which 
varies from 1.13 at 13.37 keV to 0.96 at 122.2 keV for the hydrated 
material. The hydrated material is an excellent match with breast 
(50/50), from energy 32.06 up to 122.2 keV, the maximum variation 
being found to be 2%.
In general the H-40 hydrated sample shows an excellent match of 
mass attenuation coefficient with water, muscle, soft tissue, and
breast (50/50) for the energy range of 13.37 keV to 122.20 keV.
The H-40 type of hydrophilic material has characteristics of a 
good tissue equivalent material for several human tissues over a wide 
energy range, especially the range of 13.37 to 122.20 keV, which 
covers most, if not all, of the diagnostic radiology application.
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ITABLE 4.11 RATIO OF MASS ATTENUATION COEFFICIENT OF HYDROPHILIC 
MATERIAL (40%) WITH MASS ATTENUATION COEFFICIENT 
WATER, MUSCLE AND SOFT TISSUE.
Water
± 2 %
Muscle 
_+ 2 %
Soft Tissue 
+ 2 %
Energy
(keV) Dry Wet Dry Wet Dry Wet
13.37 0.631 0.846 0.626 0.838 0.679 0.909
14.97 0.663 0.844 0.655 0.834 0.710 0.903
17.44 0.620 0.830 0.643 0.861 0.739 0.989
19.63 0.655 0.843 0.676 0.870 0.768 0.989
32.06 0.798 0.888 0.794 0.884 0.694 0.921
36.55 0.782 0.942 0.779 0.939 0.806 0.972
44.23 0.907 0.943 0.907 0.943 0.929 0.884
50.65 0.960 0.947 0.964 0.951 0.977 0.887
59.37 1.082 0.947 1.024 0.951 1.039 0.966
88.10 0.899 1.011 0.909 1.023 0.909 1.023
122.20 0.868 0.963 0.868 0.969 0.868 0.969
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Even though the ED4C hydrophilic material shows some tissue 
equivalence to breast at mammographic range in dry form (as can be 
seen in Table 4.12.), in general the material shows poor
characteristics as a tissue equivalent material compared to H-40 
type. Because of the above and of the limited availability of the 
ED4C material during the measurement, the rest of the work was 
carried out using H-40 hydrophilic material only.
Fig. 4.5 and Fig. 4.6 show a plot of mass attenuation coefficient 
vs. energy of hydrated ED4C compared with soft tissue and water
respectively.
Fig. 4.7 and Fig. 4.8 show plots of mass attenuation coefficients
vs. energy of hydrated H-40 compared with soft tissue and water
respectively. More plots can be found in Appendix B.
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Table 4.12 Mass Attenuation Coefficients (p/p, cm2/p) for Dry Hydrophilic
Material ED4C (72%) and Breast Tissue (25% Fat - 75% Muscle)
Energy (keV)
p/p
RatioDry Hydrophilic Breast (25/75)
13.37 1.34 1.39 0.966
14.97 1.006 1.04 0.967
17.44 0.703 0.73 0.96
19.63 0.501 0.57 0.88
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Fig. 4 , 5  Plot of mass attenuation coefficients versus energy 
for water and hydrophilic material (70%, wet).
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Fig. 4' 6 Plot o f  mass attenuation coefficients versus energy
for soft tissue and hydrophilic material (70%, wet).
102
Ma
ss
 
at
te
nu
at
io
n 
co
ef
fic
ie
nt
 (
cm
A2
/g
)
Energy (keV)
Soft tissue  O------Hydrophilic material
Fig. 4 . 7  Plot of mass attenuation coefficients versus energy 
for soft tissue and hydrophilic material (40%, wet).
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Fig. 4 .8 Plot o f mass attenuation coefficients versus energy 
fo r  water and hydrophilic material (40%, wet).
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CHAPTERS
X-RAY ENERGY SPECTRA
In the previous Chapter, the mass attenuation coefficients of the 
hydrophilic materials were calculated by using mono-energetic radiation 
beams, and then the results were compared with mass attenuation 
coefficients of different human tissues. But almost all practical 
sources of radiation used in diagnostic radiography radiology and 
therapy produce a continuous spectrum of photon energies (heterogeneous 
radiation beam) because they are normally based on an x-ray generator. 
In the following Chapters, the H-40 type of hydrophilic material will 
be tested using the following diagnostic and therapy machines, all of 
which have heterogeneous energy spectra:
1. Diagnostic X-ray - with various tube potentials (kVp)
2. Mammography - with various tube potentials and with 
different target materials (Al, and Mo)
3. Computed Tomography (CT) scanner
4. 6 and 18 MeV linear accelerator therapy beams
It will be useful to study the x-ray generator and x-ray spectrum 
first; therefore, the following are the simplified models which 
illustrate the behaviour of an x-ray system.
5.1 INTRODUCTION
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5.1.1 X-ray Production
X-ray beams are produced when highly energetic electrons 
interact with matter, with the conversion of their kinetic energy 
into electromagnetic radiation.
A x-ray tube used in diagnostic radiology consists of the 
basic components shown in Figure 5.1. The evacuated glass 
envelope, with recent improvements in tube design, incorporates 
metal rather than glass as part or all of the envelope for 
containment of the cathode and the anode. Free electrons are 
produced at the cathode and are accelerated to the anode by a 
high voltage applied between the cathode and anode. The high 
speed electrons bombard the target placed at the anode and 
produce bremsstrahlung and characteristic x-rays. There are 
generally only three controls on x-ray machines. The kilovoltaae 
control, which determines the maximum high voltage applied across 
the tube and as a result, the energy of the x-ray photons 
produced; the tube current control which determines the rate at 
which electrons flow across the tube and as a result, the rate of 
photons produced; and the timer, which determines the total time 
during which x-rays are produced. The tube current is measured 
in mi H i  amperes (mA) and the exposure time is measured in 
milliseconds (ms).
5.1.2 X-ray Spectra
The x-ray machine produces photons having energies between 
0 and Em, where Em is the maximum voltage supplied by the 
generator. The energy spectrum shows a continuous distribution
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Fig. 5.1 Stationary anode diagnostic x-ray tube. Such tubes have been replaced 
by rotating anode tubes for most applications.
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of energies for the bremsstrahlung photons superimposed by 
characteristic radiation of discrete energies.
If no filtration, inherent or added, of the beam is 
assumed, the calculated energy spectrum will be a straight line 
sloping downward toward the keV axis [as shown in Fig. 5.2, 
spectrum A).
This spectrum includes photons of all energies. In the 
bremsstrahlung production process, most electrons undergo 
multiple interactions, distributing their energies to many low 
energy photons rather than giving up all their energy to a single 
photon. This spectrum can be mathematically represented by 
Kramer’s equation (Barton et al., 1982; Boone, 1986)
lE = KZ(Em-E) 5.1
where lg is the intensity of photons with energy E; Z is
the atomic number of the target; Em is the maximum photon
energy, and K is a constant.
The maximum photon energy is equal to the energy of the 
electrons striking the target. The maximum energy, in 
kiloelectron volts, is numerically equal to the applied potential 
difference kilovolt peak (kVp). The high energy photons 
contribute relatively little to the total x-ray intensity, while 
other photons contribute increasingly more photon energy.
This can be shown in spectra B and C in Fig. 5.2. Spectrum 
B shows the energy distribution coming from a real tungsten 
target which itself hardens the beam by differential attenuation.
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Figure 5.2 Effects of beam hardening and characteristic x-ray production on the 
spectrum. Curve A is a hypothetical, pure bremmstrahlung spectrum. 
Curve B is the spectrum of photons coming from a tungsten target, 
which itself hardens the beam. Curve C results when the total amount 
of filtration (inherent plus added) is equivalent to that from 2.5 mm Al. 
Strong tungsten characteristic x-ray lines may be seen in curves B and 
C.
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The number of low energy photons has been reduced
significantly while the number of high energy photons has been 
relatively unattenuated. C shows the spectrum after the beam has 
passed through the inherent filtration plus added filtration.
The actual shape of the energy spectrum is strongly
influenced by two factors: the filtration in the beam and the
tube voltage.
5.1.3 Effect of Tube Kilovoltage and Filtration
Increasing the kilovoltage that is applied to the x-ray 
tube changes the energy spectrum. The intensity of photons of 
all energies is increased and higher energy is added.
Increasing the kilovoltage shifts the entire spectral curve 
to the right adding primarily high keV photons, thereby 
"hardening the beam" considerably, and consequently increasing 
the average photon energy, as shown in Fig. 5.3. The shape of 
the spectrum can be modified by allowing the beam to pass through 
an absorber or filter, such as inherent filtration (absorption in 
the target, walls of the tube, or thin beryllium window) and 
added filtration.
Filtration in general removes more of the lower-energy 
photons than the higher-energy photons. The added filtration
will increase the proportion of high energy photons and 
considerably "harden" the beam, while at the same time reducing 
the beam intensity. Thus, adding filtration and increasing the
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A B
Fig. 5.3 Effects of tube current and applied potential on the spectrum and output 
for a diagnostic tube. A. Doubling the tube current doubles the intensity 
at any photon energy, and the total intensity (integrated over all photon 
energies) as well. B. The effect of doubling the tube potential, from 50 to 
100 kVp, is more subtle. The energy of the most energetic photon is 
doubled, the intensity peak is shifted to higher energy, and characteristics 
x-ray photons are now produced.
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kVp are the two ways of improving the penetrating power of the 
beam.
5.1.4 Quality of X-ray Beams
Because of hardening effects, the bremsstrahlung energy 
spectrum changes as a beam passes through matter. It is 
therefore not possible to come up with a single parameter that 
completely accounts for the energy dependence of the beam’s 
behaviour.
An ideal way to describe the quality of an x-ray beam is to 
specify its spectral contribution, i.e., energy fluence in each 
energy interval or its attenuation characteristics in a reference 
medium.
The complete specification of beam quality is not necessary 
in most clinical situations, where the penetration of the beam 
into or through the patient is more useful. So, it is logical to 
describe the nature of the beam in terms of its ability to 
penetrate some material of known composition. Thus, a crude but 
simpler specification of beam quality is often used, namely the 
half-value layer.
5.1.5 Half Value Layer
The half-value layer (HVL) is the thickness of the surface 
density of a layer of a specified material which attenuates the 
beam to such an extent that the exposure rate is reduced to one 
half, under narrow beam conditions (ICRU-lOb, 1964).
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The half-value-layer of a x-ray beam can be obtained by 
measuring the exposure rate of a x-ray machine for a series of 
different attenuators placed in the beam. The half-value layer 
of a beam is related to the linear attenuation coefficient (A) by 
the following equation:
ln2
HVL = _____________________ 5.2
a
ICRU recommends the following parameters to be considered 
for standard HVL measurements:
A. Attenuating Material
Material chosen for HVL measurements should be solid, of 
definite composition and density and which can be made into thin
sheets of uniform thickness.
Table 5.1 summarizes the ICRU recommended material (ICRU-1964)
Material Density
(g/cm3)
Purity
Grade
Acceptable Range of 
HVL Measurements
Aluminum 2.7 99.8% 10 kV -120 kV
Copper 8.93 99.2 100 kV-300 kV
Lead 11.35 99.9 250 kV - 2 MV
B. HVL Measurements Technique
The half-value-layer must be measured under narrow-beam 
geometry conditions. Such a geometry can be achieved by using a 
well-collimated beam and a large distance between the absorber
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and the detector. The best arrangement to measure the HVL, is to 
place the filter half-way between the source and the radiation 
instrument (ICRU-1964, HPA, 1980).
C. Energy Dependence of Exposure Meter
The measuring device must have "a flat" response for the 
spectrum of radiations in the beam, otherwise, in the presence of 
spectral information, the HVL measurements will be in error. 
This error occurs because of the change of spectrum, and hence 
the response will be dependent on the amount of attenuator added 
during the HVL determination.
D. Peak Voltage (kVp)
The HVL is often not an adequate specification for spectral 
distribution of radiation. For most clinical purposes, the HVL 
and tube peak voltage give an appropriate specification of 
radiation quality. The photoelectric effect is the dominating 
interaction by photons below a few hundred keV, since the 
photoelectric interaction coefficient varies approximately 
as
(l/E)3
In this low energy range, then a small increase in 
kilovoltage greatly increases the number of high energy photons, 
thereby considerably "hardening the beam". Correspondingly, 
lowering the kilovoltage greatly reduces the high energy photon 
population in the beam, greatly reducing its penetration, as
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shown in Fig. 5.3. The beam quality in this energy range, should 
be stated in both HVL and peak voltage.
For higher peak voltage, at megavolt levels, where the 
Compton effect is dominating the interaction process, the total 
coefficient effect is less energy-dependent. Changing the peak 
voltage will no longer affect the spectral shape of the beam. So 
simple statements of generating voltage are adequate for 
radiation beam quality in this energy range.
5.1.6 Equivalent Photon Energy
The equivalent (effective) energy is the energy of the 
photons in a monochromatic beam that would be attenuated at the 
same rate in some reference material, such as aluminium, as the 
beam of interest.
The value of E, can be obtained by the following procedure:
The value of E corresponding to 0^ /r)eq. can t>e 
obtained by the interpolation of Hubble’s values using XCOM.
5.2 MAMMOGRAPHY
Mammography is the most sensitive method for the detection of 
breast cancer in a woman.
I/Io = exp [- £ ] eq.HVL.p 5.3
5.4
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Mammography is used for two purposes; Screening mammography which 
is used to look for breast cancer in the absence of signs or symptoms 
of the disease; Diagnostic mammography (consultative mammography) which 
is performed on women with signs or symptoms, abnormal screening 
mammograms or special characteristics such as breast implants.
The various tissues of the breast are radiologically similar but 
not identical. The fibrous, ductal, and glandular tissues have atomic 
number Zeff = 7.4-7.6 and density of about p = 1.0 g/cm3. For fat, Zeff 
= 5.9 to 6.5 and p = 0.9 g/cm3 (Wolboarst, 1993; NCRP-1986).
The fibrous, glandular and ductal elements attenuate x-rays as 
soft tissue and cannot be differentiated by their radiopacities.
Subject contrast refers to a relative difference between two 
regions in the level of optical density or radiation intensity and is 
determined by the ratio of the x-ray intensity transmitted through a 
more or less absorbing adjacent part.
Some of the factors affecting subject contrast include:
1. Absorption differences (thickness, density, and atomic
energy)
2. Radiation quality, (tube target material, kVp setting and
total filtration)
3. Scattered radiation (beam limitation, compression, air gap
and grid)
Subject contrast is enhanced in mammography by imaging with 
lower-energy photons, where the attenuation coefficients of the soft
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tissues and differences among them are greatest. Contrast in 
mammography is almost totally attributable to the photoelectric 
interaction because it is a function of the atomic number Z3 or higher.
The photoelectric effect dominates up to 20 keV in water and the 
linear attenuation coefficients of normal and pathologic tissues of 
atomic numbers (or effective atomic number) Znorm and Zpath and 
densities /3norm and ppath, differ by a factor of
A  norm//* path = (^ norm/ ^  path) 3 0 ( p  norm/# path) 3 , 3
The quantity of Comptom attenuation is mainly a function of 
density which varies slightly in the breast.
5.2.1 Dedicated Mammography System
The use of dedicated radiographic equipment improves image 
quality in screen-film mammography in number of ways. The system 
should have a specialized x-ray tube, compression device, moving 
grid and image receptor.
Dedicated units produce low energy x-rays in two ways. 
First, they are capable of operating at kV values as low as 20 
kV. Second, they use the appropriate target and filter 
materials.
5.2.2 Target and Filtration Material
The objective of achieving the highest possible image 
quality dictates the selection of target-filter combinations.
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Fig. 5.4 X-ray emission spectrum for a molybdenum-target x-ray 
tube operated at 30 kVp
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Jenning et al. (Jenning et al., 1981) investigated the
optimal combinations of targets, filters and kilovoltage. They 
determined that if exposure per constant signal-to-noise ratio 
(SNR) is plotted as function of energy and breast thickness, an 
energy yielding a minimum exposure can be identified. The 
optimal beam energy is found to be a function of breast 
thickness, as shown in Table 5.2. The characteristic spike of 
radiation energy from molybdenum at 17 and 19.5 keV is an ideal 
energy over a fair range of breast thickness. For thicker 
breasts, higher beam energies and other filter materials are 
needed. A molybdenum target with an aluminium filter (Mo/Al), 
has been used for thicker breasts (Jenning, et al., 1981), but the 
combination of molybdenum/palladium (Mo/Pd) shows a better 
performance with much dose reduction for thicker breasts 
(Desponds et al., 1991).
Fig.5.4, shows the typical spectrum of a molybdenum target 
x-ray tube of 30 kVp with 0.03mm of added molybdenum filtration. 
The characteristic x-ray lines at 17.4 and 19.7 keV are the most 
prominent features of the spectrum. The dashed line represents 
the distribution from a tungsten target and 0.5 mm thick 
aluminium filter. This curve has no characteristic energy peaks 
but rather is a continuous bremsstrahlung distribution. ~ The 
strong emission of molybdenum K-shell characteristic x-rays 
produces a beam that is not highly penetrating, but that provides 
high contrast for compressed breasts of 3 to 8 cm thickness when 
the 0.03 mm molybdenum filter is used. The spectrum is strongly 
suppressed at photon energies greater than 20 keV of the K-shell
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Table 5.2 The Optimal Beam Energies of Mammography 
as function of Breast Thicknesses.
Breast Thickness 
(cm)
Optimal Beam Energies 
(keV)
2 14 to 18
4 19 to 23
6 19 to 23
8 21 to 25
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absorption edge of molybdenum at that energy. Therefore, more 
radiation from the characteristic lines is used. The molybdenum 
[Z = 42] target, beryllium window, and molybdenum filtration 
system produce the best image quality for most breast thicknesses 
and densities (Marshall, 1975; Haus, 1976; Dance, 1990; American 
College of Radiology, 1993).
Table 5.3, lists the features which dedicated mammography 
units should have.
5.3 MEASUREMENTS USING X-RAY BEAMS
The half value layer (HVL) of a beam of x-rays is an indirect 
measure of the photon energies which is also referred to as the quality 
of a beam.
The HVL is a function of 1) photon energy; 2) geometry; and 3) 
attenuating material.
5.3.1 Mammography Units
The half-value layer (HVL) of a x-ray beam for film screen 
mammography is considered an important parameter for image 
quality, patient dose, and regulatory (standard) compliance.
Changes in beam quality affect changes in contrast, 
particularly for average size and fatty breasts. Average 
glandular dose as determined from free-in-air entrance exposure 
measurements, is markedly dependent on HVL. Sources of 
variations in the measurements of HVL investigated in this work 
include:
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TABLE 5.3 FEATURES OF DEDICATED MAMMOGRAPHIC UNITS
C
* Low kVp capability O 20 to 35 kVp in 1 kVp increments
N
♦ Special anode materials/filter T Mo/30 pm Mo (target/filter)
R Rh/50 [im Rh (target/filter)
A
♦ Special grids S Ratio of 3:1 to 5:1, 80 lines cm
T
♦ Small focal spots 0.1 mm to 0.5 mm
R
♦ Dual focal spots (magnification) E up to 2  x
S
♦ Increased source to film disturbance o 50 to 80 cm
L
♦ Special compression devices U Low Z material; auto adjust and release
T
♦ Phototiming I ±0.3 film optical density from the mean
O as breast thickness varies from 2  to 6
cm and kVp varies over clinical range.
N
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1. Energy dependence of exposure meters
2. Purity of aluminium attenuators
3. Measurements of the thicknesses of aluminium attenuators
4. Stability of machine output
5. Position in the x-ray field
6. Collimation
7. Interpolation of the HVL from discrete data
5.3.1.1 Materials and Methods
The mammographic unit used in this 
investigation was a CGR senographe model 600T. The 
unit has a three-phase six-pulse generator, automatic 
line-voltage compensation, and a molybdenum anode 
with a beryllium window. The unit has 30 pm of 
molybdenum filtration. The unit also provides an 
option for aluminium filtration.
5.3.1.2 Experimental Set-Up
The ionization chamber (MDH 1515 electrometer, 
with 6 cm3 mammography chamber) was placed on top of 
the imaging platform which was positioned at 650 mm 
source-to-image distance (SID), making the source to 
detector distance approximately 640 mm.
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Narrow beam geometry was established by 
fabricating a 0.6 mm thick lead collimator. The lead 
collimator was positioned on top of the standard 
diaphragm (standard insertable collimator). The 
diameter of the aperture in the lead collimator was
7.7 mm. This diameter was chosen so that the field 
size at the thin window mammographic chamber totally 
covered the sensitive area.
The compression plate was removed during the 
measurements. Three exposures were made with no 
filter, and the average reading was used for HVL 
measurement. Three exposures were made at each 
filter thickness and also the average reading was 
used.
The source-to-diaphragm (collimator) distance 
was 160 mm. The aluminum filter was placed at 240 mm 
from the source. Fig. 5.5 shows the experimental 
set-up.
Exposures also were repeated with no filter at 
the end of experimental sessions, in order to assure 
output constancy.
Exposure measurements were performed at 22, 24, 
26, 27, 28, 30, 32, 34, and 36 kVp with molybdenum 
filter and 40 kVp with the Al filter.
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Mammography Set up
Fig. 5.5 Experimental set-up for mammography beams.
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Exposure Meter
A RadCal/MDH Model 10x5-6M, ionization chamber, 
specified by the manufacturer for use in mammography, 
with a model 1515 electrometer was used for exposure 
measurements. This chamber has a small sensitive 
volume (6 cm3) and is designed to measure low energy 
radiation. A thin mylar window is used to ensure 
appropriate chamber response at the low energies used 
in mammography, e.g., 28 keV and below.
This chamber was calibrated at a secondary 
calibration laboratory, directly traceable to the 
primary standard National Institute of Standards & 
Technology (NIST). Two calibration beams appropriate 
for film-screen mammography were chosen, and 
correspondence to NIST’s beam code, LE (20 kVp, HVL = 
0.065 mm Al); M30 (30 kVp, HVL = 0.36 mm Al). The 
chamber has no energy dependence in the mammographic 
energy range and the correction factor is 0.99. 
Table 5.4 lists the specifications of the chamber.
Attenuators
The aluminium alloy (1100 aluminium alloy, 99% 
pure, manufactured by RMI, USA) attenuation plates 
used in HVL measurements were 0.1 to 0.2 mm nominal 
thickness (thickness specified by the manufacturer).
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TABLE 5.4 SPECIFICATION OF 10X5-6 M ION CHAMBER FOR MAMMOGRAPHY
Specifications
Model 1515 
Electrometer
Exposure Rate 0.1 mR/min to 600 R/min*
Exposure Integrated 0.001 mR to 42 kR*
Pulse Exposure 0.01 mR to 5.0 R*
Pulse Duration 0.2 s to 26.2 s
Pulse Resolution 0.01 mR*, 0.1 ms
Noise 0.1 mR/min, rms
Resolution 0.5% or 1 digit
Calibration Accuracy ± 4% using lightly filtered x-rays at 20 kVp and 0.26 mm Al HVL
Energy Dependence + 5%, 10 keV up to 40 keV (see graph)
Exp Rate Dependence + 5%, 0.4mR/s to 80 R/s average up to 500 R/s for 5 0 __pulses
Construction 0.7 mg/cm2 metalized polyester window; polycetal exterior; 6cm3 
active volume
Weight 2.8 oz
* The electrometer reads in R and mR, the old unit (non SI unit).
127
TABLE 5.5 COMPOSITION OF 1100 ALUMINIUM ALLOY
Element Percentage composition by weight
Aluminium >99.0
Silicon and Iron (combined) <0.95
Copper > 0.05 < 0.20
Zinc <0.10
Manganese <0.05
Others (combined) <0.15
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The composition of 1100 aluminium alloy is 
given in Table 5.5. For better accuracy and 
precision, the thicknesses of each plate was measured 
by a micrometer.
5.3.2 Radiography
The radiography unit used in this investigation was a 
Siemens general purpose x-ray model MUITIX CP. The unit has a 
three-phase multiple high-voltage generator.
5.3.2.1 Experimental Set-Uo
A BRH/FDA compliance test stand was used for 
the experimental set-up, description of the stand is 
seen in Fig. 5.6.
The exposure meter (Radcal/MDH Model 1515 
digital read-out monitor, with 6 cm3 volume
ionization chamber model 10x5-6) was placed at 980 mm 
from the x-ray source and 100 mm above the table top, 
while the source-to-image distance was 1100 mm. The 
source-to-sample (aluminium) distance was 680 mm.
Narrow beam geometry was established by
fabricating a 2 mm thick lead collimator. The lead 
collimator was placed directly at the x-ray
collimator. The diameter of the aperture in the
collimator was 8 mm. The diameter was chosen so that 
the field size was smaller than the sample diameter 
(hydrophilic sample), but totally covered the
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Fig. 5.6 BRH/FDA Test Stand
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Radiography Set up
Focal Spot -------->  ®
Diaphragm  ^  _
X Ray ____________
Sample Fiolder w ,—
Detector ■>- o i t z o
Table
Fig. 5.7 Experimental set-up for radiography x-ray beams.
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sensitive area of the ionization chamber. Fig. 5.7 
shows the experimental set-up.
The fabricated collimator was used even though 
there was no difference between HVL measurements 
obtained by using the fabricated collimator or HVL 
measurements obtained by using the smallest x-ray 
collimator size (20 x 10 mm).
The fabricated or x-ray collimator produced a 
field size of 18 mm diameter at the sample surface 
and approximately 30 mm diameter at the detector.
Three exposures were made with no filter and 
the average reading was used for HVL measurements. 
Three exposures were made at each filter thickness 
and the average reading was calculated and used for 
HVL calculation.
Exposures were also repeated with no filter at 
the end of the experimental sessions to verify the 
constancy of x-ray output. Experiments were 
performed at 50, 60, 70, 81, 90, 102, 109, and 125 
kVp. This range covers the clinical kVp range. For 
example, a PA chest projection uses 125-130 kVp, and 
a PA ribs projection uses 55-65 kVp while an AP 
abdominal projection uses 75-85 kVp (KFSH, 1990).
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TABLE 5.6 SPECIFICATION FOR 10 X 5-6 ION CHAMBER
Exposure rate 0.1 niR/min to 600 R/min*
Exposure Integrated 0.001 mR to 42 kR*
Pulse Exposure 0.01 mRto 5.0 R*
Pulse Duration 0.2 ms to 26.2 s
Pulse Resolution 0.01 mR, 0.1 ms*
Noise 0.1 mR/minrms*
Resolution 0.5% or digit
Calibration ±3% using moderately-filtered X-rays at 75 kVp and 3.4 mm Al HVL
Energy Dependence +5%, 20 keV to 1.33 MeV (with build-up cap)
Construction Polycarbonate wall and electrode; conducting graphite interior coating 
6 cm3 active volume
Weight 1.6 oz
* The electrometer reads the exposure in the old units, R, mR, etc. (non SI units)
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5.3.2.2 Exposure Meter
A 6 cm3 Radcal/MDH model 10x5-6, ionization 
chamber with a model 1515 digital electrometer was 
used. This chamber was calibrated at a secondary 
calibration facility in King Faisal Specialist 
Hospital and Research Centre laboratory, directly 
traceable to the primary standard National Institute 
of Science of Technology (NIST). The calibration was 
made for two NIST beams, MG and HC code; where MG is 
of 100 kVp with HVL of 5.0 mm Al and HC is of 50 kVp 
with HVL of 4.2 mm Al. The correction factor for the 
x-ray range is 1.00. Table 5.6 lists the chamber 
specification.
5.3.2.3 Attenuator
The 1100 aluminium alloy attenuation plates 
used in the HVL measurements were 0.5 mm to 2 mm 
nominal thicknesses. The composition of 1100 
aluminum alloy is given in Table 5.5.
5.4 DATA ANALYSIS
Transmitted exposure for each combination of aluminium attenuator 
plates was typically measured 3 times to test reproducibility. The 
average transmission for each thickness was then determined. The 
reproducibility has been calculated and found to be less than 0.5%.
The HVL was interpolated between the two data points that neighboured 
the HVL thickness. These two data points represented a nominal 0 . 1 mm
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interval for mammography and 0.5 mm interval for radiography. For all 
measurements a semi-logarithm interpolation was performed.
The interpolated HVL using a semi-logarithmic scale is given by the 
following equation:
HVL =  (T°/2)' ^ (Y<)- ■ ( X 2 - X i )  + Xi  5.6
n W L j  In (Y2) - In (YJ lJ
where (Xj, Yj) and (X2 , Yg) are the sets of average measured 
attenuator thicknesses (X) in mm and the average transmitted 
exposures (Y) that neighbor the HVL, and (To) is the average 
exposure from the unattenuated beam.
5.5 ERRORS
A. Thicknesses of Attenuator Plates
The accuracies in measurements of attenuator plate thicknesses 
propagate systematic errors into the measurement of HVL. Using a
micrometer, the aluminium plate thicknesses were measured. The nominal 
thicknesses of the plates supplied by the vendor were specified to one 
decimal place, the difference between the micrometer measurement and 
the nominal thickness was about ±3%.
B. kVo Measurements
The fluctuation of kVp will affect the quality of the beam and as 
a result affect the HVL values, making it important to monitor the kVp. 
A change of 1 kVp will result in about 0.011 mm change in HVL or about 
3% difference. The kVp measurements were conducted by using a
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TABLE 5.7 ACCURACY RESULTS OF kVp MEASUREMENTS FOR 
MAMMOGRAPHIC UNIT AS RECORDED BY NERO
kVp Set kVp Eff. kVp Ave. % Error Ave. Diff. in kVp
25 24.9 24.7 -1.1 0.3
26 25.6 25.6 -1.7 0.4
27 26.6 26.6 -1.3 0.4
28 27.7 27.7 -1.2 0.3
29 28.9 28.9 -0.25 0.1
30 30.1 30.1 0.27 0.1
* kVp effective = The effective kVp value has the same physical meaning as the quantity
measured by the kVp test cassette method.
kVp ave. = This quantity is the average o f all peaks. NERO determines this value by
summing the values o f all peaks and dividing by the number o f peaks.
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Victoreen Non-invasive Evaluator of Radiation Output (NERO). The 
precision of this instrument is 0 . 1 kV. The measurement shows that 
difference between the set kVp and measured kVp is less than +2% for 
the mammographic unit and radiographic x-ray unit. Results for kVp 
measurement and accuracy is shown in Table 5.7.
C. Aluminium Purity
As shown in Table 5.5 the composition of 1100 aluminum alloys 
have up to a 1% contribution by weight of Si, Fe, Cu, Zn, and other 
elements. The theoretical calculation of these impurities on HVL 
measurement can be calculated by using the following equation in which 
the HVL is expressed as
HVL = ----------------   5.7
(Ei Ki pi' 1 ) - 1 ■ Si Ki
where, K-j are the fractional contributions by weight of the 
element in 1100 aluminium, p-™ is the mass attenuation coefficient 
and/)j is the physical density of each element.
Based on the variations in impurities of iron, copper and zinc in 
1100 aluminium (Table 5.5) and using XCOM to obtain the attenuation 
coefficient, the HVL calculation based on the above equation was 
conducted for energies of 13, 15, 18, 25, 30, and 40 keV.
Table 5.8 shows the HVL variations between 1100 aluminium and 
pure aluminium between 0.01 and 0.03 mm for the mammographic energy 
range. This corresponds to 5% error introduced by using 1100 aluminum 
alloy rather than pure aluminum. This agrees with the Recommendation
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Table 5.8 Comparison of Calculated HVL of Pure Al Filter and 1110 
Al Aiuminium-Alloy Type
Energy
(keV)
HVL Using 
Pure Aluminium  
(mm)
HVL Using 
1110 Aluminium  
(mm)
Difference HVL 
(mm)
% Variation
13 0.21 0.20 0.01 5.03
15 0.32 0.31 0.02 4.93
18 0.55 0.52 0.04 5.10
25 1.40 1.32 0.08 5.10
30 2.27 2.16 0.11 5.00
40 4.52 4.32 0.20 4.40
of American College of Radiology and Wagner’s work (Wagner et al. 1990; 
ACR, 1994).
Output and Exposure R eproducibility
Table 5.9 lists the measured exposures and the standard deviation 
for four measurements. The standard deviation for the kVp range of 26- 
30 corresponded to less than 1%. The reproducibility error of the
radiography x-ray at 70 kVp was less than 0.5%. Therefore, the machine
output fluctuation is almost negligible.
5.6 RESULTS
Table 5.10 shows the HVL of the mammography x-ray beams at 22,
24, 26, 27, 28, 30, 32, 34, 36 and 40 kVp; and Table 5.12 shows the HVL
for the radiography x-ray beams at 50, 60, 70, 81, 90, 102, 109, and 
125 kVp.
The standard deviation (SD) in the measurement of the HVL was 
estimated from the following equation (Wagner, 1990).
where N-j refer to X\, X2 , Yi, and Y2 . The values of SD (To), 
SD (Yj)} and SD (Y2) are the standard deviations as determined 
from multiple measurements of the exposures with the 
corresponding attenuations. The values of SD (Xj) and SD (X2 ) 
are the standard deviations in the effective thicknesses of the 
filters used for the measurements.
1/2
5.8
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TABLE 5.9 Exposure Reproducibility for Selected kVp for 
Mammography and Radiography
kVp
Exposure Reading (R)
1 2 3 4 Mean
Standard 
Deviation (SD) %SD
26 1.65 1.65 1.66 1.65 1.65 0.01 0.36
27 1.42 1.41 1.41 1.41 1.41 0.01 0.57
30 0.91 0.90 0.89 0.90 0.90 0.01 0.78
70 67.10 66.80 66.70 66.90 66.90 0.20 0.26
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Table 5.10 The HVL, Mass Attenuation Coefficients, and the Calculated Equivalent 
Photon Energies for the Mammographic X-ray Tube at 10 Different kVps 
by using Aluminium Material as Filter
kVp H V L +1%
p/p
(cm2/gm*)
± 1%
Equivalent Photon 
Energy 
(keV) ±2%
22 0.23 10.76 13.52
24 0.26 9.57 14.08
26 0.29 8.64 14.58
27 0.31 8.26 14.81
28 0.32 7.92 15.03
30 0.35 7.34 15.43
32 0.38 6.88 15.77
34 0.40 6.48 16.09
36 0.42 6.14 16.4
40 0.64 4.05 18.92
* Aluminium density (p) used was 2.7 g/cm3
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From the reproducibility of machine exposure output measurements, 
the estimated SD (To) is less than ± 0.008 mR and from multiple 
exposure measurements for each filter, the SD (X) was estimated to be a 
maximum of ± 0.005 mm.
5.7 CALCULATION OF EQUIVALENT PHOTON ENERGY
HVL determination can be used to assign an "equivalent" attenuation 
coefficient from the relation;
p  = In2/HVL 5.9
where p is the photon linear attenuation coefficient
The equation can be written as
H:--!22- x ±
P~ HVL P
Then, an equivalent photon energy can be obtained by looking up the 
table of attenuation values for the material used for the HVL 
determination. The energy of the monochromatic photon that have the same 
equivalent mass attenuation coefficient as the original polychromatic 
beam is the equivalent photon energy.
Based on the above the following steps have been followed:
1. The equivalent mass attenuation coefficients of Al have been 
calculated by using equation 5.10, and measured HVLs are listed 
in Table 5.10 and 5.11.
The density value of aluminium used was 2.7 g/cm3. Although this 
is the density of pure aluminium, the 1100 aluminium alloy used
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in the HVL measurement is slightly denser than pure aluminium. 
This error is within 1.0%.
2. The photon mass attenuation coefficients for aluminium were 
determined at an energy range of 10 keV to 50 keV.
Fig. 5.8 and Fig. 5.9 represent the aluminium mass attenuation 
coefficients vs. energy.
3. Matching the aluminium’s monoenergetic mass attenuation
coefficient with equivalent mass attenuation coefficient, 
resulting from experiments, was designated as the equivalent 
photon energy.
The energy of mammography x-rays range from 13.5 keV to 16.4 keV 
for the molydenum target, and goes up to 18.92 keV for the aluminium 
target.
Table 5.10 shows the equivalent photon energies for the
mammographic x-ray beams at 22, 24, 26, 27, 28, 30, 32, 34, 36, and 40
kVp.
Table 5.11 shows the equivalent photon energies for the
radiography x-ray beams at 50, 60, 70, 81, 90, 102, 109, and 125 kVp.
5.8 MEASUREMENT OF HVL AND MASS ATTENUATION COEFFICIENT FOR 
LUCITE MATERIALS
The half-value layer of an x-ray beam is considered an important 
parameter for image quality, patient dose, and regulatory compliance
(Wagner etal., 1990). The measurement of HVL using aluminium is widely 
accepted as an index of x-ray beam quality. Knowing the HVL, the mass
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Table 5.11 The HVL, Mass Attenuation Coefficients, and the Calculation Equivalent 
Photon Energies (EPE) for the Radiograph X-ray Set at Different kVps 
using Aluminium Filter
kVp HVL (mm) + 1% p/p (cm2/g) + 1% E.P.E. (keV) ±  4%
50 1.50 1.71 25.5
60 1.90 1.35 28.1
70 2.10 1.22 29.3
81 2.50 1.07 30.9
90 2.80 0.95 32.5
102 3.10 0.83 34.4
109 3.40 0.78 35.3
125 4.04 0.64 38.60
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Fig. 5.8 Plot of mass attenuation coefficient versus energy for aluminium (XCOM)
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Fig. 5.9 Plot of mass attenuation coefficient versus energy for aluminium (XCOM)
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attenuation coefficient and corresponding effective energy can be can be 
obtained, enabling the user to carry out many useful calculations in 
diagnostic radiation physics (Nagel, 1986).
The goal was to measure the mass attenuation coefficient of the 
hydrophilic material. Since its composition differs from aluminium, 
absorption and scattering of radiation will also differ between the two 
materials. Also, the characteristics of beam hardening will be different 
for both materials.
Half-value layer (HVL) and mass attenuation coefficients of lucite 
(perspex) were determined using the same conditions and experimental set­
up as for aluminium. Lucite was used for the following reasons:
a) Lucite has well-known characteristics and the theoretical mass 
attenuation can be found in the literature with good precision;
b) The lucite has the density of around 1.18g/cm3 which is within 
the range of most body tissue densities and water density
c) The elemental composition of the lucite is H, C, and 0, which is 
the same elemental composition of body tissues and the 
hydrophilic material.
Table 5.12, lists the mass attenuation coefficients of lucite, 
experimentally obtained, and mass attenuation coefficient theoretically 
calculated using the XCOM program for the mammography beam.
Table 5.13, lists the mass attenuation coefficient of lucite 
experimentally obtained, and mass attenuation coefficient 
theoretically calculated using the XCOM program for the radiography beam.
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Table 5.12 Measured HVL and p/p for lucite material, using selected
mammographic tube voltage (kVp), compared with the calculated 
p/p using XCOM single equivalent photon energy (EPE)
kVp
EPE
(keV)
HVL
(mm)
± 1%
Exp p/p 
(cm2/g)
± 1%
Calculate p/p 
(cm2/g) % Difference
22 13.52 4.19 1.40 1.44 2.80
26 14.58 5.25 1.12 1.18 5.10
28 15.03 5.74 1.02 1.10 7.30
30 15.43 6.20 0.95 1.03 8.10
36 16.4 7.25 0.81 0.89 8.40
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Table 5.13 Measured HVL and |Ll/p for Lucite Material Using Selected Radiography 
Tube voltage (kVp), compared with Calculated using XCOM
kVp E.P.E. (keV) HVL
(mm)
Exp
p/p
(cm2/g)
M/p
Calc. XCOM  
(cm2/g)
% Diff.
50 25.46 15.67 ±0.043 0.374 ±0.010 0.375 0.3
70 29.27 19.3 ±0.036 0.304 ±  0.006 0.312 2.6
102 34.38 21.1 ±0 .024 0.278 ± 0.003 0.264 5.3
125 38.60 25.00 ±0 .024 .235 ±0 .002 0.241 2.5
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The percentage difference between experimental and theoretical mass 
attenuation coefficients for the mammography beam varies from 2 .8% to 
8.4% with an average of 6.3%. The density of the lucite sheets used in 
mammography varied from 1.18 g/cm3 to 1.23 g/cm3, with an average density 
of 1.20 + 0.02 g/cm3. This introduced approximately a 2% error in the 
measurements. As shown in Table 5.12 the difference between measured and 
calculated mass attenuation coefficient varied from 3% to 8% for the 
equivalent energy range of 13.5 to 16.4 keV. By substracting the error 
in the density variation from the total difference, the difference 
between the calculated and measured mass attenuation coefficient is 
reduced to the range of 1% to 6% with a mean of 4.3%. The accuracy of 
calculating the effective photon energy for the mammography x-ray beam is 
about 4%.
Table 5.13 shows that the percentage difference between experimental 
and calculated mass attenuation coefficients for the radiography x-ray 
beam varied from 0.3% to 5.3% with a mean of 2.7%.
The lucite sheet was cut into 100 x 100 mm squares with nominal 
thickness of 10 mm as specified by the vendor. The average measured 
density of the lucite sheets was 1.18 + 0.08 g/cm3. The variation in 
densities between sheets introduced an error in calculating mass 
attenuation coefficient of approximately 1.4%. Subtraction of this 
amount of error from the difference between calculated and measured mass 
attenuation coefficients puts the accuracy of calculating the effective 
photon energy for the radiography x-ray beam to within 2%.
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The results of using the lucite material give confidence to the 
measurements of the effective photon energy using aluminium filters for 
x-ray beams, regardless of the type of material being studied.
5.9 BEAM HARDENING
During the x-ray beam’s passage through the object, some x-ray 
photons are absorbed and some pass through the object with no change in 
energy or direction.
The x-rays generated by the x-ray tube have a wide spectrum of 
energies. Even after the substantial thickness of filtration, the x- 
ray beam is polyenergetic. As the x-ray beam is transmitted through a 
thickness of absorber (tissue, filter, etc.), the lower energy photons 
in the spectrum are attenuated more than the higher energy ones, and 
therefore, the shape of the x-ray spectrum as the x-ray beam penetrates 
the depth of an object actually changes. The lower energy photons are 
attenuated more rapidly than the higher energy ones because the linear 
attenuation coefficients are higher at lower energies. Therefore, the 
effective energy of the x-ray beam increases as it passes through the 
absorber.
Equation 4.1, holds for monoenergetic beams in a narrow beam 
geometry. The experimental data has shown that the expression:
I = e -AX ( l - n x )  5.11
describes the behaviour of the data well within the experimental 
uncertainty, where
p is the attenuation coefficient; and
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= the beam-hardening c o e f f i c i e n t
x = material thickness
The beam-hardening coefficient n, is the parameter which 
describes the changes in attenuation per unit depth.
5.9.1 Measurement of Effective Attenuation Coefficient of Beam Hardening 
Method
Under the conditions of narrow beam geometry the 
attenuation coefficients (p, p/p) for monochromatic radiation 
remain unchanged. If the attenuation coefficients were plotted 
against sample thickness, the graph would show a straight line 
parallel to the sample thickness axis’ (i.e. line slope is equal 
to zero). Therefore with beam hardening, the attenuation 
coefficient tends to change with increasing depth and the beam 
hardening coefficient can be obtained from the deviation of p 
vs. sample thickness (x) from linearity.
Applying equation 5.11 and taking the logarithm of both 
sides of the equation
In 1 (x) = - fx (1~vx) 5.12
where T(x) is the transmission factor (I/Io), and 
by rearranging both sides of the equation 
In T(x) = (l-nx) or
x
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In T(x) = -p + n px
x
The same set of data collected for HVL measurements would 
be used again for obtaining attenuation coefficients by using the 
beam hardening method, applying equation 5.13. Since the 
attenuation coefficients were measured in a wide range of x-ray 
energies, the available hydrophilic material during experimental
measurements presented a limitation where the sample was either:
a) too thick for low energy x-ray beams such as
mammography, where the transmission factor varied 
between 0.224 and 0.031, which is equivalent to 3 
HVLs and 16 HVLs respectively; or
b) too thin for high energy beams, such as those in
radiation therapy, where the available sample is not 
sufficient to estimate the HVL. In both cases,
equation 5.7 cannot be applied because the equation 
requires two data points, one just before the HVL and 
one just after the HVL, i.e. the transmission factor 
should be around 0.5.
Due to the above reasons, the calculation of attenuation 
coefficient using the beam hardening coefficients could be very 
useful.
5.13
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To test this method, the mass attenuation coefficients were 
calculated by the beam hardening method compared to the mass 
attenuation coefficient calculated by XCOM for lucite.
Table 5.14 lists the mass attenuation coefficients of the
lucite material calculated by beam hardening compared with the
mass attenuation coefficients calculated by XCOM, for the 
mammographic x-ray beams. The difference between the two methods 
of calculating the mass attenuation coefficients varied from 
0.85% to 4.7% with a mean of 2.2%.
Table 5.15 lists the mass attenuation coefficient of the 
lucite material calculated by X-COM, for radiographic x-ray 
beams. The difference between the two methods varied from 1% to 
6.4% with an average of 2.9%. This is comparable with the HVL 
method in which the difference varied from 0.3% to 5.3% with an 
average of 2.7%.
Also, Fig. 5.10 shows the beam hardening effect for the 22,
28, and 30 kVp mammography beams for lucite. These tables show
that the beam hardening method accurately calculates the mass 
attenuation coefficients for lucite and should therefore 
accurately calculate the mass attenuation coefficients for 
hydrophilic materials.
5.9.2 Measurement of Mass Attenuation Coefficient of Hydrophilic Material
Two samples of fully hydrated hydrophilic material, type H- 
40 (40% water uptake), were placed in mammographic and
radiographic x-rays using the same experimental set up explained
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Table 5.14 Mass Attenuation Coefficient O f Lucite Material Calculated By 
A) Beam Hardening Method B) Theoretical Using XCOM For 
Mammographic X-Ray Beam
kVp EPE (keV)
p/p by beam  
hardening (cm2/gm) 
± 1%
p/p
by XCOM  
(cm2/g)
% Diff.
22 13.52 1.49 1.44 3.50
26 14.58 1.19 1.18 0.85
28 15.03 1.09 1.10 0.91
30 15.43 1.04 1.03 1.17
36 16.40 0.84 0.88 4.70
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Table 5.15 Mass Attenuation Coefficient p/p O f Lucite Material Calculated By 
A) Beam Hardening Method B) Theoretical Using XCOM For 
Radiographic Beams
kVp EPE (keV)
p/p
by beam hardening 
(cm2/gm)
±1%
p/p
by XCOM  
(cm2/gm)
% Diflf.
50 13.52 1.49 1.44 3.5
70 14.58 1.19 1.18 0.85
102 15.03 1.09 1.1 0.91
30 15.43 1.04 1.03 1.17
36 16.4 0.84 0.885 4.7
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Three exposures were made with no filter, and three 
exposures were also made for each hydrophilic material sample. 
The average readings were used to calculate the mass attenuation 
coefficient for the hydrophilic material.
Experiments were performed at 22, 24, 26, 27, 28, 30, 32, 
34, 36 kVp with no filter and 40 kVp with an Al filter for the 
mammographic x-ray set.
The experiments were also performed using the general 
radiography x-ray set at 50, 60, 70, 81, 90, 102, 109, and 125 
kVp.
Results
Table 5.17 shows the results of the measurements and the 
calculations of mass attenuation coefficients for H-40 
hydrophilic material by using the beam hardening method.
Conclusion
The mass attenuation coefficient of fully hydrated H-40 
type hydrophilic material when used in the mammography unit, 
shows a good match with breast-mammary gland #2 for adult (BMG 
#2) as specified by ICRU-46 (ICRU, 1992). The ratio of the mass 
attenuation coefficient of H-40 type to BMG #2 varies from 0.945 
at 24 kVp to 1.069 at 36 kVp. The best match was noted at the
be fore .  Table 5 .16  shows the  phys ica l  dimensions o f  the  two
samples.
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most usable kVp for mammography set-up, 27, 30, and 32 kVp, where 
the ratios were 0.99, 1.00 and 1.02 respectively.
The mass attenuation coefficient of fully hydrated H-40 
type hydrophilic material used for radiography, shows a good
match with water and muscle. The ratio of the mass attenuation 
coefficient of H-40 type and water varies from 0.967 at 50 kVp to 
0.993 at 125 kVp, with the mean being 0.976 ± 0.022.
The ratio of H-40 type to muscle varied from 0,990 at 50
kVp to 1.007 at 125 kVp with the mean being 0.995 + 0.022.
In general the H-40 type should be considered as a good
material to be used as tissue substitute in diagnostic radiology 
and in mammography (for BMG #2 type only).
159
Table 5.16 Specification of H-40 Hydrophilic Material
Sample Diameter Weight Area Density
(mm) (g) g/cm2
#1 27.5 ±0.08 8.53 ± 0.04 1.46 ±0.01
#2 27.6 ± 0.08 17.1 ± 0 .18 2.86 ± 0.03
Table 5.17 Mass Attenuation Coefficient of H-40 Hydrophilic Material for 
Mammography and Radiography X-ray Reams
Mammography X-ray Beams Radiography X-ray Beams
kVp Equiv’t.
Energy
(keV)
Mass
Attenuation
Coefficient
(p/p)
(cm2/g)
T\*
(cm2/g)
±5%
kVp Equiv’t.
Energy
(keV)
Mass 
Attenuation 
Coefficient 
p/p (cmVg)
T[*
(cm2g)
± 7%
22 13.52 1.702 ±0.025 0.098 50 25.46 0.475 ±  0.023 0.04
24 14.08 1.503 ±0.023 0.097 60 28.08 0.402 0.018 0.033
27 14.81 1.377 ±0.021 0.085 70 29.27 0.380 0.014 0.034
30 15.43 1.250 ±0.017 0.070 81 30.92 0.368 0.013 0.036
32 15.77 1.207 ±0.015 0.073 90 32.46 0.321 0.007 0.016
34 16.09 1.175 ±0.013 0.073 102 34.38 0.303 0.005 0.015
36 16.4 1.144 ±0.009 0.073 109 35.28 0.294 0.005 0.014
40 18.92 0.816 ±0.009 0.056 125 38.6 0.275 0.004 0.011
* Beam hardening coefficient
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CHAPTER 6 
COMPUTED TOMOGRAPHY (CT)
The attenuation coefficient of any material depends on the photon 
energy. CT normally uses relatively high energy (120 to 140 kVp) x- 
rays (with an effective energy of 60 to 80 keV), which interact with 
soft tissue primarily by means of the Compton effect. A CT image of 
soft tissue structures therefore reflects primarily their physical and 
electron densities. Since the attenuation coefficients of tissue and 
water may have different energy dependence, the CT number in general 
depends on photon energy. The CT number (Hounsfield number) of a 
tissue at a point is therefore defined as
CT number = 1000
Where l^mo is the linear attenuation coefficient of water at 
the effective energy of the beam, and p is that of the tissue in the 
voxel of interest. Water is chosen as the reference material because 
it constitutes 80% to 90% of soft tissue mass, and it is a convenient 
and absolutely reproducible material for use in CT machine calibration. 
CT numbers with this normalization "1000" are expressed in Hounsfield 
units (H). Water has the Hounsfield number of zero and air of -1000. 
CT numbers above and below zero correspond to tissues of attenuation 
coefficients greater or less than a*H20. One Hounsfield unit represents 
a 0 .1% difference in linear attenuation coefficient from that of water 
(Brooks, 1977).
6.1 INTRODUCTION
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Most soft tissues have CT values of 20 to 100, fat falls in the 
range of -50 to -100 and dense bone can exceed 3000. Table 6 . 1 gives 
typical CT numbers for different body organs for an x-ray beam in the 
range 120 to 140 kVp (Wolbarst, 1993).
6.2 DATA ACQUISITION SYSTEMS
As an x-ray beam passes through an object of thickness (x) it is 
attenuated by absorption and scattering. The amount of absorption is 
determined by the density and the atomic composition of the material 
the beam is passing through as well as the energy spectrum of the beam. 
The energy spectrum of photons ranges from around 20 keV to some peak 
value, typically 120 keV (Fewell et al., 1981).
The relationship is described mathematically as
It = Ioe_M* 6.1
where \j = Intensity of transmitted beam
l0 = Intensity of incident beam 
/i = Linear attenuation coefficient 
x = Path length through uniformly dense material 
In case of an object with a multiplicity of small elements
In =  Ioe-x0il+n2 + p3+...>m) 62
Solving for the sum of the attenuation coefficients in the entire 
line of the solid object element array results in
-l (to] 6.3
f l l  +  \l2 +  JL13 +  ••• M-n — x  • m  \joJ
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TABLE 6.1 REPRESENTATIVE COMPUTED TOMOGRAPHY
NUMBERS (Hounsfield Numbers) FOR AN X-RAY BEAM  
IN THE RANGE OF 120-140 kVp
Tissue CT Numbers (HU)
Water 0
Air - 1 0 0 0
Dense Bone 1 0 0 0
Blood 442-580
Hemorrhage 60-110
Blood Clot 74-81
Heart 24
Cerebrospinal fluid 0 - 2 2
Gray matter 32-44
White matter 24-36
Astrocytoma 54
Muscle 44-59
Normal liver 50-80
Fat - 2 0  to - 1 0 0
Lung -300
Thyroid 70
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The summation of the attenuation coefficients can be measured 
indirectly since the incident intensity (Io), the transmitted intensity 
from the nth element (In), and length (x) are all known.
By taking multiple views from different angles the linear 
attenuation coefficients can be determined by the process of 
convolution and back projection.
6.3 DATA ACQUISITION GEOMETRIES
A variety of geometries have been developed to acquire the x-ray 
transmission data needed for image reconstruction in CT. There are 
basically four different types of CT scanning systems.
First Generation (Single Detector Rotate - Translate System)
The first clinical CT system employed a single thin x-ray beam, a 
pencil beam, and a pair of a sodium iodide detector crystals at the 
patient exit surface (Fig. 61a). In this system, the x-ray tube and 
detectors made horizontal synchronous sweeps across the object (linear 
translation) followed by 1 degree rotation and continuous translation 
for 180 degrees. A complete scan took up to 5 minutes with 7 minutes 
for image reconstruction.
Second Generation (Multiple Detector Rotate - Translate System)
The second generation geometry is shown in Fig. 6.1b. Movement 
of the source and the detectors was the same as in the first generation 
geometry, namely, a linear translation followed by a rotation. This 
system incorporated a linear array of detectors and a modified x-ray 
beam with fan configuration. It allowed larger index angle increments
164
Fig. 6.1 Design Characteristics of Four Generations of CT Scanners: A) First 
Generation (Translate/Rotate) 6 )  Second Generation (Fan Beam)
C) Third Generation (Fan Beam and Detector Array Relation); and
D) Fourth Generation (Fan Beam Rotation)
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than the first generation system, and the scan time was therefore
reduced. The scan time ranged from 6 to 20 seconds.
Modified fan beam geometry with multiple detectors improved
source use efficiency and permitted parallel data acquisition.
Third Generation (Radiation Scanner with movable detector)
The third generation or rotate-rotate geometry is the predominant 
design of current commercially available CT scanners. The x-ray tube 
and detector array are rigidly connected and rotate together. These 
scanners use wider fan beam geometry (30-50 degree) with larger
detector array( 250-900 separate detectors). The only motion of the
gantry is a single 360 degrees rotation above the isocenter. Because
this takes a second or less artifacts that exist from respiratory
motion can be eliminated almost entirely. Fig. 6 .1C shows the geometry 
of the third generation CT scanner.
Fourth Generation (Rotation Scanner with Stationary Detector)
The fourth generation uses an array of detectors (about 600 to 
4800 detectors) which completely surrounds the patient and normally 
does not move. The x-ray tube rotates around the patient within the 
ring of the detectors. Scan times are comparable to those of the
third-generation machine. Fig. 6 .ID shows the geometry of the fourth 
generation CT scan.
Table 6.2, summarizes the characteristics of the CT scanners.
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TABLE 6.2 SUMMARY OF THE CHARACTERISTICS OF CT 
SCANNERS GENERATIONS
Generation Motion X-ray Beam Rotation Angle Detectors Scan Time
First Translate-Rotate Pencil 180 One 5 min
Second Translate-Rotate Fan 180 20 20 sec
Third Rotate-Rotate Fan 360 250-900 2 sec
Fourth Rotate-Stationary Fan 360 600-4800 > 2 sec
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TABLE 6.3 GE SYSTEM SPECIFICATION
* General Scannine Parameters
♦ Operating voltages
♦ Tube current range
♦ Number o f projections
100 kV, 120 kV, 140 kV 
40 mA to 400 mA 
* 1242
* Slice Geometry
♦ Five slice thicknesses between one and ten millimeters 
Standard : 1, 2 , 5, 8  and 10 mm
♦ ±25 slice tilt range from the vertical position
♦ Scan fields: 50 cm
* Gantrv x-rav tube
♦ Continuously rotating tube-detector unit
♦ Gantry aperture
♦ Gantry tilt
♦ Scan fields
♦ Fan beam opening
70 cm 
±25° 
50 cm 
42.6°
* X-rav Tube Voltaee 140 kV max
* X-rav Filtration 2.7 mm Al equivalent at 140 kV
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6.4 EXPERIMENT
The sample of fully hydrated H-40 type hydrophilic material was 
placed in a water container at the isocentre of the CT scan.
The sample was scanned for two different kVps, 80 and 120. The
G.E., whole body CT scanner (Hi-speed advantage model), was used for
this measurement. Table 6.3, gives the specifications of this system.
6.5 RESULTS
The average CT number standard deviation (± SD) was determined in 
a region of interest (ROI) of 330 mm2 in the centre of the sample.
The pixel size was 0.49 x 0.49 mm causing the ROI to contain 
approximately 1400 pixels. The same size ROI was placed in the centre 
of the water surrounding the sample and the CT number ± SD was 
recorded.
The CT number of the H-40 fully hydrated hydrophilic material was
81.2 ± 2.8 and 69.2 ± 2.4 at 120 kVp and 80 kVp, respectively.
The results of the scan are summarized in Table 6.4.
The CT number for the hydrophilic material is in the range of
most body tissues; for example, the CT# of the muscle is 59, normal 
liver is 80, and thyroid is 70 for the scanners operated at 120-140 
kVp.
The percentage difference of linear attenuation coefficients 
between the hydrophilic material and water is 8%. The percentage
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TABLE 6.4 AVERAGE CT NUMBER OF THE H-40 HYDROPHILIC MATERIAL, 
WATER, POLYETHYLENE, PLEXIGLASS, AND TEFLON FOR 
80 AND 120 kVp
Material
80 kVp (40 keV) 120 kVp (60 keV)
CT# p (cm'1) ±  3% CT# p (cm'1) + 3%
H-40 69.2 ± 2 .4 0.280 81.2 ±  2.8 0.219
Water -1.7 ±  5.8 0.262 -3.4 ± 3 .5 0.203
Polyethylene -134.9 + 5,9 0.209 108.8 ± 3 .4 0.181
Plexiglass 97.4 + 7 0.268 118.7 ±  3.7 0.197
Teflon 944.7 ±  9.4 0.583 904.2 ± 4 .9 0.414
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differences of fat, muscle, liver and thyroid in linear attenuation 
coefficient relative to water varies from 8.4 to 7.1%.
The AAPM Report No. 1 (AAPM-1977) titled "Phantoms for
Performance Evaluation and Quality Assurance of Scanners" recommends 
usage of various liquid mixtures to test the sensitivity 
(detectability) of a CT system. The AAPM lists seven solutions 
suitable for a low contrast phantoms. The range of effective atomic 
numbers "Z" of the solutions range from 6.34 to 7.10, while the 
difference of linear attenuation coefficients for photon energy of 70 
keV between the recommended solution and water varies from -0.043 to
0.04 cm-1. The hydrophilic material H-40 satisfies the AAPM conditions 
because the difference of the linear attenuation coefficients between 
it and water is 0.017 cnr* at a photon energy of 60 keV, the effective 
energy of the GE CT scanner operated with an x-ray tube potential of 
120 kVp.
6.6 MEASUREMENT OF EQUIVALENT PHOTON ENERGY IN CT
The CT numbers which form the basis for the image displays in 
computed tomography are scaled linear attenuation coefficients. As a 
result of that, the CT numbers are energy dependent and the observed 
values are related to the spectrum of energies present in the x-ray 
beam used in scanning. As discussed before, the linear attenuation 
coefficient is only defined for a monoenergetic narrow x-ray beam. 
Many investigators have defined an equivalent or effective photon 
energy which represents the x-ray beam in actual usage conditions.
McCullough (McCullough et al, 1974) measured the transmission in 
water using the original EMI Mark I. He used a water box and the
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scanner’s detector to estimate an effective linear attenuation 
coefficient of water and demonstrated that the measurement was equal to 
the detected energy fluence averaged linear attenuation coefficient of 
water. He defined the equivalent photon energy as the energy at which 
the linear attenuation coefficient is the same as the measured 
effective linear attenuation coefficient. This method requires either 
knowledge of the detected energy spectrum or a direct measurement of 
the transmission in water. This method is the ideal method to 
determine the equivalent photon energy, but because its requirements 
are difficult to measure, this method has not been universally used to 
specify the equivalent photon energy.
A more empirical approach was introduced by several authors. 
This method uses the linear relationship between the CT values and the 
linear attenuation coefficient of several materials. Rutherford et al. 
(Rutherford et al., 1976) used a series of hydrocarbons to determine 
graphically the equivalent photon energy for a CT scanner operating at 
a particular kVp. White and Speller (1980) presented a method of 
measuring "effective energy" and linearity in CT using a set of 
specially prepared liquid mixtures. A group of sixteen "keV liquids" 
enables an Eeff to be rapidly determined by comparing the CT numbers of 
the specially formulated organic liquid mixtures with similar data for 
water. The study chooses water as the standard liquid and test 
materials are formulated from suitable organic liquids which have CT 
numbers spanning those found in the human body. To produce the 
required effect, the p-values of the liquid mixture must vary with 
energy more rapidly than similar data for water, and in addition the
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curves of p versus energy must intersect at specific energies within 
the interval 60-90 keV.
This method shows good agreement, within 2 keV, with theoretical 
calculations for 20 cm diameter phantoms and within 4 keV for a 33 cm 
phantom.
The disadvantages of this method are:
a) high purity liquids are needed,
b) using liquids at different temperatures (other than 20°C) 
will cause changes in ^-value, and
c) care must be exercised with the storage of organic liquids.
Dubai and Wiggli (1977) suggested four substances whose energy 
gradient, d^/dE, differs as much as possible: air, water, magnesium
and an arbitrary fourth substance. Mullner et al., 1978, suggested 
another set of materials and an empirical approach for the 
determination of the equivalent energy. In this method, a water-filled 
phantom containing five plastics was scanned and the CT values obtained 
for the plastics and water were correlated with their linear 
attenuation coefficients at various energies. The energy resulting in 
the maximum correlation coefficient was specified as the equivalent 
photon energy. This method has the advantage that it uses the AAPM CT 
phantom. The AAPM phantom consists of a large water-filled tank with a 
number of inserts for different performance tests in a circle of 10 cm 
diameter about the centre. Table 6.5 gives the properties of the AAPM 
CT phantom contrast inserts. This method, a simple empirical one, can 
predict an equivalent photon energy without the detailed knowledge of
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TABLE 6.5 PROPERTIES OF APPM CT PHANTOM CONTRAST 
LINEARITY INSERT
Material Elemental Composition Density (gem"3)
Water HjO 1.00
Plexiglass c5h 8o 2 1.19
Lexan C)2H i20 3 1.20
Nylon CJH,,N10 1.15
Polystyrene C A 1.05
Polyethylene C A 0.94
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energy spectra (Judy and Adler-1980). This is the method followed in 
this work because of the availability of the Siemens body CT phantom
which has polyethylene, plexiglass and teflon inserts in a 20 cm
diameter water body phantom.
6.7 EFFECTIVE ATOMIC NUMBER AND ATOMIC DENSITY CALCULATION 
USING DUAL ENERGY METHOD
6.7.1 Introduction
As discussed in Chapter 3, the atomic cross-section below 1 
MeV can be written as follows:
o .  (Z,E) = a ”1 (Z,E) Zm + a “ '- (Z,E) Z” + a*" (E) Z . 6.4
where aekn is the Klein-Nishina cross section for 
scattering from a free ion bounded electron, crPh is the
photoelectric contribution plus the binding energy
correction to the incoherent term, and crcoh is the cross-
section of the coherent term. The exponents m and n 
are determined by fitting data over a range of energies.
For CT scanning energy (in the energy range of 30-150 keV) 
the three terms of the above equation (photoelectric, coherent, 
and incoherent) are equally important.
The total linear attenuation coefficient
M-tot =  o'tot N
where atot is equal to aph + a00(1 + akn and N is the atomic 
density of the material. The linear attenuation
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coefficient is a function of photon energy and the 
material’s effective energy and atomic number.
If the linear attenuation coefficients of a material are 
determined at two different known energies, the effective atomic 
number and atomic density may be determined. This method is 
called the dual-energy method.
6.7.2 Dual Energy Method
Rutherford et al. (Rutherford et al, 1976) utilized the 
linear attenuation coefficients obtained from CT scans at two 
different energies and calculated effective atomic number and 
atomic density. They showed that the linear attenuation
coefficient for a particular material at a given photon energy is 
equal
where A, B, C, D, F, and G are constants.
Using the compiled data of Veigele (Veigele, 1973), they 
determined the functional form of aPh (Z, E) and crcoh- (Z, E) by 
using the expressions of the form a = AE-m Zn, which fit the data 
for the region of energy and atomic number of interest. The 
resulting expressions are :
H(E) = AE'b Zc N  + ac ZN + DE‘F ZG N 6.5
o ph = 20.6 E-3-28 Z46 E in keV
acoh = 2.8 E'2'02 Z2-86 a  in bam/atom
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Rutherford et al. reported that the agreement with the 
tabulated value for oxygen was better than 0.5%.
The equation used by them for the dual energy method is
n(E) = Sf (Z,E) N
= 20.64 E-3-28 Z4-62 N + cre (E) ZN +2.8E-202 Z286 N 6.6
where the constants of A, B, C, D, F, and G have the following
values:
A = 20.64 B = 3.28 C = 4.62
D = 2.8 F = 2.02 G = 2.86
Jackson (Jackson and Hawkes, 1981) compared the prediction 
of this formula with the atomic cross-sections obtained from the 
tabulation of Hubbell et al. (Hubbell, 1977) for the coherent and 
incoherent contributions and of Scofied (Scofied 1973) for the 
photoelectric cross-sections. Jackson showed that as "Z" 
increases, considerable discrepancies appear; for example, the 
error is >20% at 30 keV for calcium while the error for iodine is 
>200% at 40 keV. But in general, the Rutherford equation shows 
good agreement with tabulation data for Z < 15 for photon 
energies > 40 keV.
Payne et al, (Payne et al, 1977) used the Rutherford method 
but they used the compiled cross-section data of Storm and Israel 
(Storm and Israel-1970), and obtained the following equation:
(E) = 21,7E'3'30 Z4'62 N + cre (E) ZN +1.17E'1'86 Z292 N 6.7
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The constants of A, B, C, D, F, and G, reported by Payne et 
al’s. works, are equal to the following:
A = 21.7 B = 3.30 C = 4.62
D = 1.17 F = 1.86 G = 2.92
Both equations will be used to calculate the effective 
atomic number of water, polyethylene, acrylic (lucite) and 
teflon. The results of the equations will be inter-compared and 
then compared with the theoretical value of effective atomic
number calculated by McCullough (1975).
6.7.3 Dual Energy Method Procedures
1. Scanning of the CT phantom and H-40 hydrophilic material 
for two different kVp settings was conducted.
2. The effective energy at each kVp setting was determined by 
the method described in section 6 .6 .
3. Linear attenuation coefficients, ^(Et) and /i(E2), were 
calculated from the CT numbers.
4. The linear attenuation coefficients of ^(E^ and p (E2) were 
substituted into the following equations to determine the 
effective atomic numbers (Z).
K E i )  _  21.7E f 28 Z*462 -f crc (E ,)Z »  +  1.17 E l ' 186 Z*2-92
9^2) “  21.7E f28 z*4-62 + ae (e2)Z* +1.17 E2-1-86 Z*292 (Payne Eq.) 6.8
and
Mff,) =  ia64E ^ Z ^ +a.(E,)Z^H.2.8QEf”Z ^  nutherford Eq.) 6.9
P ^ 2) 20.64 E~3-28 Z*462 + Ge (E2) Z*4-62 + 2.80 En202 Z*2-86
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where ae (E4) and <re (E2) are the Klein-Nishina cross- 
sections (barns) for the effective energies E-, and E2.
5. The effective atomic density in atom/volume, N*, was then 
calculated by substituting the effective atomic number (Z) into 
the equation
H(E) = 21.7 Ei3'28 Z4 S2N ” + a e(E)ZN* + 1.17E'1-86 Z292 N° 6.10
6 . The effective electron density, N*Z, then is a multiplication of 
the effective atomic density (N*) and effective atomic number
(Z).
6.7.4 Experimental Results
The CT phantom was first scanned for two x-ray potentials, 
80 kVp and 120 kVp. The average CT number and the standard
deviation for each material was determined in the RIO over 1000 
pixels (0.45 x 0.45mm pixel size). Table 6.4 shows the CT number
of water, plexiglass, polyethylene and teflon for both kVps. A
linear attenuation coefficient was interpolated over a reasonable 
range of energies at 1 keV intervals. The 0.5 keV interval
showed almost no difference in linear attenuation coefficients 
especially in the range of 70-80 keV since the relation of the CT 
numbers to linear attenuation coefficient should be linear, the 
data are fitted to the equation
Y = ax + b
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where "Y" is the CT number of a given reference material in 
Hounsfield units (HU), "x" is the linear attenuation
coefficient difference (cm-1), "a" is the slope in (HU-cm) 
and "b" is the intercept in HU.
A linear correlation coefficient, defined below, was then 
determined for each 1 keV increment for the linear attenuation 
coefficient (X-j), and CT numbers (Y-j) pairs
=   NSXiYi - ZXiEYi_________
[N2X? -  (SXi)2] 1/2 [NSYi2 -  (EYi)2] 1/2
The maximum linear correlation coefficient value was then 
chosen to correspond to the effective energy. Fig. 6.2 and Fig.
6.3 demonstrate this method and show that the maximum correlation 
coefficient (r) was found at 40 keV and 60 keV for 80 kVp and 120 
kVp x-ray beams, respectively. Fig. 6.4 and 6.5 show the linear 
relationship between CT numbers and linear attenuation
coefficients for 120 and 80 kVp,
According to the above, the effective energy of the G.E. 
system model Hi-Speed Advantage is 60 keV for a 120 kVp x-ray 
beam. This energy seemed low for the CT scanner but agreed with 
independent measurements conducted by other researchers
(Goodenough, 1994), who reported 62 keV for a 120 kVp x-ray beam. 
Judy and Adler (Judy and Adler, 1980) compared the maximum
correlation method with the standard method (McCullough, 1974).
Both methods estimated the same equivalent photon energies within 
3 keV.
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Fig. 6 .2 Plot o f Regression Coefficients versus Photon Energies
fo r 120 kVp x-ray beam.
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Fig. 6.3 Plot o f Regression Coefficients versus Photon Energies 
fo r  80 kVp x-ray beam.
182
Linear attenuation coefficient (cm'1)
Fig. 6.4 Plot o f CT Numbers versus Linear Attenuation Coefficients 
fo r 120 kVp x-ray beam*
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Linear attenuation coefficient ( cm'1)
Fig. 6.5 Plot o f CT Numbers versus Linear Attenuation Coefficients 
fo r 80 kVp x-ray beam*
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The two effective energies were used to calculate the 
effective atomic number (Z) for polyethylene, acrylic, teflon, 
water and H-40 hydrophilic materials by using the Rutherford 
equation and the Payne equation. Table 6 . 6 shows that the 
equations predicted the same atomic number. The difference in 
effective atomic numbers between theoretical values as reported 
by McCullough, and experimental values as predicted by both 
equations, varies from less than 1% for teflon and polyethylene 
to 7.6% for plexiglass. Water shows a 2% difference.
Table 6.7 lists the mass electron densities, electron 
densities, and effective atomic numbers for water, polyethylene, 
plexiglass and teflon. The difference between theoretical and 
experimental mass electron densities (and electron densities) 
varies between less than 1% for polyethylene, plexiglass and 
teflon, to 2.7% for water.
Based on the above, this method would calculate the 
effective atomic number with an error of 2 .6%, while calculating 
the mass electron density and electron density within an error of 
1%.
6.7.5 Hydrophilic Material
As described earlier, the fully hydrated sample of H-40 
hydrophilic material was placed in a container filled with 
distilled water. The water and the container were scanned by 
using the same technique used to scan the AAPM phantom.
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TABLE 6.6 THE EFFECTIVE ATOMIC NUMBERS CALCULATED BY  
THE PAYNE AND RUTHERFORD EQUATIONS
Material
Effective Atomic Number
Rutherford* Payne** Ratio
Water 7.39 7.38 1.001
Polyethylene 5.55 5.55 1.000
Acrylic 7.1 7.104 1.000
Teflon 8.52 8.52 1.001
H-40 (water) 7.23 7.22 1.001
H-40 (CUS04) 7.19 7.18 1.001
* Rutherford et al. show that the correlation between computed and measured electron
density and effective atomic number was "very good". From the figure they produced, the 
maximum variation o f the atomic number was 3% at extremes o f atomic number (i.e. less than 6  
and higher than 1 2 ).
** Subsequent work o f Payne (Millnev et al., 1978) showed a table o f different materials,
calculated atomic numbers, and standard deviation (no explanation o f how it was calculated). 
Comparing their results with theoretical effective atomic number (McCullough, 1975) showed an 
average variation o f 1 .2 %.
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A second sample of H-40 hydrophilic material was fully 
hydrated in CUS0 4 solution. The sample was placed in a beaker 
filled with CUS0 4 solution and scanned with the same technique 
for both kVp’s.
Table 6 . 8 lists the effective atomic number and electron 
density of H-40 hydrophilic material (water uptake) and H-40 
hydrophilic material (CUS0 4 uptake). The change in the effective 
atomic number of the H-40 (CUS0 4 uptake) sample compared to the 
H-40 (water uptake) sample is small. The electron density shows 
a 15% increase in the H-40 (CUS0 4 uptake) sample compared to the 
H-40 (water uptake) sample.
6.8 DISCUSSION
The fully hydrated sample of H-40 type hydrophilic material has 
all the characteristics that would make it an excellent tissue
substitute to be used in diagnostic radiology phantoms, especially CT 
phantoms.
The material has a CT number in the same range as soft tissue’s 
CT number at 120-140 kVp. The effective atomic number of the material 
is 7.23, comparable to the effective atomic number of human tissues. 
Payne et al. (Payne et al, 1977) calculated the effective number for 
several tissues, heart muscles, subcutaneous fat, liver, pancreas, 
spleen, and breast. The effective atomic number varied from 6.54 to 
8.55. H-40 type’s would be in the middle of that range.
The difference between the effective atomic numbers of H-40 fully 
hydrated hydrophilic material and water is about 4%. The same variable
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TABLE 6.7 MASS ELECTRON DENSITY, PHYSICAL DENSITY,
ELECTRON DENSITY AND EFFECTIVE ATOMIC NUMBER  
FOR WATER, POLYETHYLENE, PLEXIGLASS AND TEFLON
Material N*/NAp
(electron/g)
P
(g/cm3)
N*/Na
(electron/cm3)
Z
Water (H20 ) 0.541 (2.7%) 1 0.541 7.398 (2.0%)
Polyethylene (C2H4) 0.566 (0.9%) 0.92 0.521 (0.95%) 5.55 (0.2%)
Plexiglass (C5H80 2) 0.536 (0.74%) 1.19 0.6474 (0.9%) 7.099 (7.6%)
Teflon (C2F4) 0.477 (0.63%) 2.2 1.049 (0.7%) 8.55 (0.6%)
Ng is the mass electron density (electron/gram); NA Avogadro's number (notation used by 
McCullogh).
( %) - The difference between measured and theoretical values
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TABLE 6.8 ELECTRON DENSITY AND EFFECTIVE ATOMIC FOR H-40 
HYDROPHILIC MATERIAL (WATER UPTAKE) AND H-40 
HYDROPHILIC (C U S04 UPTAKE)
Material n */n a
(electron/cm3)
N*
(electron/cm3) 
(x 1024)
Z
H-40 Water 0.52 0.313 7.23
H-40 (CUS04) 0.601 0.319 7.19
The error in calculation N  = 1%
The error in calculation Z = 2.6% 
(see text for detail)
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in polyethylene and plexiglass is 26% and 12.5%, respectively 
(McCullough, 1975).
The linear attenuation coefficient of fully hydrated H-40 type 
hydrophilic material is 0.219 cm-1 for effective energy 60 keV (120 
kVp). This is in the range of the linear attenuation coefficient of 
human tissues at the same effective energy. For example, the linear 
attenuation coefficient of human tissues; heart muscle, subcutaneous 
fat, liver, pancreas, spleen and breast, at 60 keV is 0.212, 0.019, 
0.215, 0.216, 0.189 and 0.219 cm-1, respectively (McCullough; Pyne et 
al, 1977).
The calculation of the effective atomic number of H-40 fully 
hydrated in water (7.23) and H-40 fully hydrated in CuSo4 solution 
(7.19), shows negligible difference, 0.5%. This is a surprising 
result, one would think. If the hydrophilic material absorbed copper 
(or more specifically CUS0 4) to the same extent as water, then the 
effective atomic number of the material should be increased. This 
phenomenon can be explained by the fact that the hydrophilic material 
does not absorb copper or copper sulphate to any extent. This will be 
discussed later in detail.
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CHAPTER 7
RADIATION THERAPY
7.1 Introduction [Radiation Therapy]
ICRU Report 24 (ICRU-1976), states that "... the aim of clinical 
dosimetry must be to plan and deliver the required pattern of dosage as 
accurately as possible, i.e. (according to modern radiobiological 
thought), with an uncertainty of less than 5%". This is a very
stringent requirement, considering the uncertainties in equipment 
calibration, treatment planning and patient set-up.
The end point of clinical dosimetry is the delivery of a stated 
absorbed dose to a specified target volume. The uncertainties 
associated with this procedure may be considered in two stages (ICRU- 
1989).
1) The dosimetry chain from national standardizing laboratory to the 
delivery in the hospital of an absorbed dose to a point in a
standard phantom must be evaluated in order to assess the
accuracy of absorbed dose determination.
2) Differences between intended and the actual absorbed doses must
be considered (uncertainty associated with the delivery of the 
dose to the patient).
The accuracy of radiation dose measurement depends on the quality 
of the instruments used for measuring dose and on the accuracy of their 
calibration. For external radiation beam therapy, ICRP stated the 
following "...the dosimetry used should permit determination of
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radiation doses at specified points under specified conditions with an 
accuracy of + 3%" (ICRP-1985). Phantoms and tissue substitutes used in 
radiotherapy measurements play an important role in achieving such 
accuracy in absorbed dose determinations.
Water is the material of choice used in standard phantoms for 
radiotherapy. The standard phantom is a homogenous phantom of 30 cm x 
30cm square cross-section and 20 cm deep (ICRU-1989; ICRU-1992). The 
water was considered as a phantom material for radiotherapy because it 
is sufficiently "tissue equivalent" in the radiotherapy energy range, 
it is acceptable and of reproducible composition and is available with 
the necessary purity for radiation dosimetry. ICRU (ICRU-1989, ICRU- 
1992) recommended that the use of water substitutes and tissue 
substitutes as phantom materials in radiotherapy dosimetry should not 
introduce uncertainties in absorbed-dose estimation in excess of + 1%.
The water equivalency of the fully hydrated H-40 type of 
hydrophilic material in terms of attenuation coefficients and energy 
characterization over a range of energies for photon (6 MV and 18 MV) 
beams will be discussed in this chapter.
Megavoltage photon beams produced by medical linear accelerators 
are used widely in radiation therapy. The linear accelerator (linac) 
is a device which uses high frequency electromagnetic waves to 
accelerate charged particles such as electrons to high energies through 
a linear tube.
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Fig. 7.1 Experimental set-up for radiotherapy (linear accelerator) beams.
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The Varian Clinac-1800 was used for these measurements. Clinac- 
1800 is a standing-wave accelerator structure. It provides beams of 6 
MV and 18 MV x-rays with electrons from 6 MeV to 18 MeV in five 
discrete steps. It delivers a flattened x-ray beam at a dose rate up 
to 5 Gy/min (500 rad/min) at a 1 metre target-skin distance for field 
sizes continuously variable from 0.5 cm x 0.5 cm to 40 cm x 40 cm.
The transmission factor for water was measured in a narrow beam
geometry. The collimator size was chosen to produce a beam of 2 cm x 1
cm at a 1.24 metre source-to-water-surface position. A large source- 
to-detector distance of 364 cm was chosen to achieve narrow beam
geometry. The ionization chamber used was the NE 0.60 cm3 type, 
guarded stem Farmer Type Model 2571. The chamber was surrounded by 
enough tissue-equivalent material for electron equilibrium. Fig. 7.1 
shows the experimental set-up.
The dose measurements were conducted at the following depths: 5,
10, 15, 20, 25, 30, 35, and 40 cm. Since the section area of the
plexiglass tank was equal to 100 cm2, then the depth of 5 cm needed 500 
cm3 of water. The linear attenuation coefficient of water was 
calculated for the 6 and 18 MV photon beams.
Three irradiations were made with no water in the beam and three 
exposures for each water depth, 5 cm, 10 cm, 15 cm, 20 cm, 30 cm, 35 
cm, and 40 cm. Again, three irradiations were repeated with no water 
at the end of the experimental sessions to verify the constancy of x- 
ray output.
7 .2  Experiment Set-Up
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The coefficients p and q were determined from measurements with 
the tank empty (* = 0) and through the filled tank (* = 5 to 40 cm) by 
using the following equation
In T (x) - p x (1~vx) 7.1
where as before p is the linear attenuation coefficient
(cm~l) and r\ is the beam hardening coefficient.
7 .3  R esults
In repeated measurements with each depth, the transmission factor 
T(x) showed a minimum variation of ± 0.2% at a depth of 5 cm and a 
maximum variation of + 0.5% at a depth of 40 cm for the 6 and 18 MV 
beams.
The 50 mm water depth (5 cm) increment was established by using a 
500 ml chemical beaker. The beaker was filled and weighed with each 
change of depth. The variation in weight was kept in the range of + 1 
g, which gave an error of + 0.2% in a 50 mm depth measurement. The 
linear dimension of the plexiglass tank was measured accurately to + 
0.5 mm. This produced an error of 0.5% to the length and width of the 
water tank. All the errors were compounded according to the rules of 
error propagation, as described in Chapter 5, and the resultant error 
equated in the measured mass attenuation coefficient.
To evaluate the reproducibility of beam output at each energy, 
the measurements were repeated at least 3 times for each water depth. 
The beam output variation was + 0.2% for all water depths and both 
energies. Fig. 7.2 and Table 7.1 show that the effective linear 
attenuation coefficient of water for 6 MV beam is equal to 0.0500 + 
0.002 cm-*, and the effective attenuation coefficient for 18 MV is
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Table 7.1 The Effective Linear Attenuation Coefficient and “Beam Hardening 
Coefficient" for Water at Nominal Energy o f 6  M V  Beam.
Nominal
Energy
i0 (cGy) 
± 0 .2 %
Water Depth 
±  2 mm
I (cGy) 
± 0 .2 %
I i (cm 1)
± 4 %
Trtcm*1)
± 4%
6 16.4 50 1 2 . 8 8 0.050 0.0023
1 0 0 10.07
150 7.97
2 0 0 6.35
250 5.09
300 4.09
350 3.3
400 2.69
18 29.5 5 25.36 0.0305 0.0016
10 21.85
15 18.85
2 0 16.32
25 14.17
30 12.32
35 10.75
40 9.4
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equal to 0.0305 + 0.0012 cm"!. As can be seen from Fig. 7.2, the data 
show that the beam hardened as it passes through increasing water 
depths; the quantity of the beam hardening (*7), being extracted from 
the deviation of
7n Tfvl vs x from linearity.
x
The value of the beam hardening for 6 MV and 18 MV beams passing 
through water media are 0.0022 cm' 1 ± 4% and 0.0016 cm"1 + 4%, 
respectively.
The value of the beam hardening coefficient (?/) of the 6 MV beam 
agreed well with Bjarngard and Shaelford's work (Bjarngard et al.,
1994) where q was calculated for 6 MV beam and they reported a value of
0 .0 0 2 1 cm' 1 for water.
The linear attenuation coefficient of water was obtained 
experimentally, to compare this with the theoretical value, calculated 
by XCOM, the mean energy of the 6 MV and 18 MV beam must be calculated.
7.4 Calculation of the mean energy of 6 and 18 MV photon beams
It is extremely difficult to measure the photon energy spectra 
produced by medical linear accelerators because of the extremely high 
intensity of the photon beam. Some of the methods described in the 
literature employ reconstruction techniques to obtain the energy 
spectra from measured narrow-beam transmission data (Huang et al., 
1981; Ahuja et al., 1986; Krmar et al., 1993). Mohan and Chui (Mohan 
and Chui, 1985) used a Monte Carlo method to generate the energy 
spectra and angular distributions of photon beams produced by different
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kinds of linear accelerators. A number of linear accelerators 
manufactured by Varian Corp. (Clinac-4, -6 , -18, -20 and -2500) were
studied by the authors. Fig. 7.3 shows the 6 MV spectrum of Clinac-6 . 
The mean energy of this spectrum is 1.91 MeV as calculated by the 
authors.
Mohan and Chui (Mohan and Chui, 1985) did not calculate the mean 
energy of an 18 MV beam (no photon energy spectra were provided, but 
they listed in Table 1 in their work, the ratio of mean energy of the 
beam (MeV) to normal energy of the beam (MV).) Table 7.2 shows the 
normal energies and the ratio of mean energy (E) to nominal energy for 
each beam. Also the authors stated the following, "It should be noted 
that the mean energy (E) of the accelerator increases less rapidly than 
the nominal energy. For example, the ratio of the mean energy to
nominal energy for 4 MV photons from Clinac-4 is 0.378, as compared to 
0,263 for 24 MV photons from the Clinac-2500." Therefore, the ratio of 
mean energy of the 18 MV beam could be obtained by interpolating the 
data in Table 7.2.
The result of the linear interpolation was found to be equal to
0.270, therefore, the mean energy of 18 MV beam is equal to 4.86 MeV.
Based on the above, the theoretical linear attenuation
coefficient for water, using XCOM, of 1.91 MeV (6 MV) and 4.86 MeV (18 
MV) photon beams, can be calculated. The linear attenuation
coefficient of 1.91 MeV is 0.0507 cm"*, and the linear attenuation 
coefficient of 4.86 MeV is 0.0308 cnr* as calculated by XCOM. The 
difference between experimental and theoretical values of linear 
attenuation coefficient for water at 1.91 MeV (6 MV) and 4.86 MeV (18 
MV) were 1.3% and 0.97% respectively. These results show that the
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Table 7.2 Nominal Energy (MV) vs. the Ratio of Mean Energy (M eV) (E) to Nominal
Energy (MV) (E). (This data was extracted from Table 1 of 
M ohan et al.-1985)
Nominal Energy (MV) Ratio o f  E/E
4 0.378
6 0.315
10 0.297
15 0.274
24 0.263
Table 7.3 Specification of H-40 Hydrophilic Material
Sample Diameter
(mm)
Weight
(g)
Area Density 
g/cm2
# 1 27.5 ±  0.08 8.53 ±0.04 1.436 ± 0 .008
# 2 27.6 ± 0 .08 17.1 ±0.18 2.858 ±0.031
# 1 + 2 27.5 ±0.14 25.63 ±0.18 4.315 ±0 .033
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calculation of the mean energy of both beams is in the region of 1% 
error and the linear attenuation coefficient experimentally determined 
by this technique is in an error range of about 1% compared to 
theoretical values.
7.5 Hydrophilic Material
Two samples of H-40 fully hydrated hydrophilic material were 
placed in the bottom of the plexiglass tank, at the centre of the beam, 
by using the machine light field and both vertical and horizontal laser 
beams. The specification of hydrophilic material is shown in Table
7.3. The samples were exposed to both 6 MV and 18 MV beams.
The data obtained are shown in Table 7.4.
The mass attenuation coefficient of H-40 fully hydrated 
hydrophilic material for the 6 MV beam is equal to 0.0502 ± 0.008 cm2/g 
and the mass attenuation coefficient for the 18 MV beam is 0.0305 +
0.009 cm2/9* The mass attenuation coefficient was calculated by the 
beam hardening method and the table lists the beam hardening 
coefficient for 6 MV and 18 MV which is equal to 0.012 and 0.005 cm^/g 
respectively. Fig. 7.4 shows the mass attenuation coefficient vs. the 
thickness of hydrophilic material in g/cm^ for both beams.
7.6 Conclusion
Table 7.5 shows the comparison of attenuation coefficients 
between H-40 fully hydrated hydrophilic material and water for 6 MV and 
18 MV beams. The differences are less than 1%. This difference is 
within the statistical error of the experiment. This comparison was
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Table 7.4 The Effective Mass Attenuation Coefficient and "Beam Hardening 
Coefficient for H-40 Fully Hydrated Hydrophilic Material Using Nominal 
Energy of 6 MV and 18 MV Linear Accelerator
Nominal
Energy
(MV)
Mean
Energy
(MeV)
I0 (cGy) 
± 0.2%
H-40*
Thickness
(g/cm2)
I(cGy) 
± 0.2%
p (cm2/g) 
±2%
T|(cm2/g)
±2%
6 1.91 16.8 1.436
2.858
4.315
15.64 
14.62
13.65
0.0502 0.012
18 4.86 16 1.436
2.858
4.315
15.32
14.74
14.15
0.0306 0.0054
*See Table 7.3 for error calculation of H-40 thickness.
Table 7.5 Comparison of Mass Attenuation Coefficient of H-40 Fully Hydrated 
Hydrophilic Material and Water, for 6 MV and 18 MV Photon Beams
Nominal Energy 
(MV)
Mean Energy 
(MeV)
Mass Attenuation Coefficient 
(cm2/gm)
XCOM Exp.
% Difference
Water H-40 ± 2%
6 MV 1.91 0.0507 0.0502 0.79
18 MV 4.86 0.0308 0.0306 0.65
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made with the theoretical attenuation coefficient of water calculated 
by XCOM.
Better results are obtained if the attenuation coefficients of H- 
40 type of hydrophilic material an compared with water attenuation 
coefficients experimentally obtained. The difference is 0.6% for 6 MV 
and 0.3% for 18 MV beam. This is an excellent result and clearly 
indicates that the H-40 fully hydrated hydrophilic material is a very 
good water-equivalent material.
Tello et al. (1995) examined the water equivalency of five
"water-equivalent" solid phantom materials in terms of output 
calibration and energy characterization over a range of energies for 
both photons (up to 24 MV) and electrons (up to 20 MeV). The authors 
showed for photon data only 1 material was within 0 .6% of water, and 
all the other solid phantom materials cluster in a band of 1% to 1.5% 
wide. Accordingly, H-40 type of hydrophilic material is as good as 
or better than any of the solid phantom materials available in the 
market.
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CHAPTER 8
MAGNETIC RESONANCE IMAGING
8.1 INTRODUCTION
Atomic nuclei with an odd number of protons or neutrons possess a 
magnetic moment and will interact with magnetic fields. Hydrogen is an 
example of a nuclide which possesses a magnetic moment. The proton, H, 
the principle isotope of hydrogen lends itself best as a signal source 
for three reasons : (1) its isotopic abundance is nearly 100%, (2) its
chemical abundance in biologic tissue, primarily in the form of water 
and lipids, is far higher than that of any other element; and (3) its 
magnetic moment is the largest among all naturally occurring nuclei. 
The spin of the hydrogen proton generates a small magnetic field 
similar to a bar magnet. Ordinarily, a collection of nuclear magnets 
will point randomly in many directions. If an external field Bo, 
however, is applied, a preponderance will align with the lines of 
magnetic induction. For nuclei of the spin designated 1/2, such as 
protons, the only allowed orientations of the nuclear spins are 
parallel to the field or anti-parallel to it. The two orientations 
have slightly different energies, described as Zeeman splitting of the 
energy levels. The population distribution in the two discrete energy 
states follows Maxwell-Boltzman statistics with a slight surplus of 
less than one per million found in the lower or parallel energy state 
(Bushong, 1988; Wehvli et al, 1988). The vector addition of parallel 
and anti-parallel spins generates a macroscopic magnetic moment within 
the object called the magnetization M. The vector N is the source of 
the signal for all magnetic resonance applications. It is aligned
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exactly with the external field Bo, conventionally defined as Z
direction. It should be noted that unlike the macroscopic vector M, 
individual spins do not align exactly with Bo, despite being labelled 
"parallel". This quantum mechanical condition exposes the spins to a 
torque which induces precession of the spins about the axis of the
external field. Were a receiving coil to be placed near the magnetized 
object, only radiofrequency noise would be detected since the spins are 
precessing out of phase. To obtain a measurable signal, it is
necessary to tip the magnetization M away from its Z-di recti on
alignment with the field Bo, so that it also is experiencing a torque 
and begins to precess. Such a tipping can be achieved by applying a 
much smaller magnetic field Bl, to the object that is rotating in the 
X-Y plane, at right angle to the static field Bo. In practice the
rotating field is applied by surrounding the sample with a coil 
connected to a source of radiofrequency power. In order to tip the
macroscopic magnetization M away from the Z-axis, the frequency of
the applied electromagnetic radiation must match the precessional
frequency of the nuclear spins. The precessional frequency is
proportional to the magnitude of the external field. Introducing a 
constant of proportionality yields the well-known Larmor relationship:
W — y B o where W  = precessional frequency 8.1
Bo = static magnetic field 
y =  gyro magnetic ratio
The implementation of the rotating BI field is accomplished by 
periodic bursts of RF energy at the Larmor frequency (Bushong, 1988; 
Buzzi, 1992). The critical consequence of this excitation is that the 
nuclei start to precess in phase and emit a coherent signal. Once the
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rotating field B1 has nutated M away from its alignment with Bo, M 
begins to precess about Bo at the Larmor frequency, with M now 
characterized by both a transverse component M*y and a longitudinal 
component Mz. Because of the phase alignment of the individual spins, 
the transverse component of M, M*y induces an RF signal in the coil. 
Thus the initial electrical energy which was stored as magnetic energy 
in the object during the transmission cycle is largely recovered as 
electrical energy during the receive cycle. The presence of a signal 
is ultimate confirmation that resonance has occured.
The angle between the direction of the static field Bo and the
magnetization M is dependent on the amount of energy delivered by the
RF radiation and increases as long as the pulse remains on. A pulse 
just long enough to tip M into the X-Y plane is called a 90° pulse. A 
pulse maintained twice as long is a 180° pulse, with the alignment in 
the negative Z-direction (Buzzi, 1992).
A method of spatial localization can be constructed from the
property that resonance occurs only at the frequency of the processing 
nuclei. By varying the magnetic field from point to point in the 
object, nuclei at each location in a three dimensional object can be 
made to resonate at a unique frequency. Thus the exact frequency to 
which the RF receiver is tuned localizes the origin of the signal from 
within the object or patient. The net magnetic field is made to vary 
from point to point by superimposing weaker gradient fields of known 
strength on the dominant uniform field, Bo.
Following a 90° pulse, M rotates in the X-Y plane inducing a
sinusoidal signal in the receiving antenna. When the RF field is
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turned off, coherence of the protons is gradually lost and the proton 
magnetic moments start to realign with the static field, Bo. Loss of 
coherence and loss of transverse magnetization results in decreasing 
amplitude of the signal. This decreasing sinusoidal signal is called 
the free induction decay or F I D. The transverse component of M, M*?, 
decays quickly to zero as the longitudinal component Mz slowly grows to 
its original value, M. The rate of decay of the transverse
magnetization M*y is exponential with a time constant T2, called the 
transverse relaxation time. The rate of growth of the longitudinal 
magnetization Mz is also exponential with a longer time constant TI 
called the longitudinal relaxation time. Differences in TI and T2 
arise from differences in the chemical environment of each substance 
and constitute the principal source of contrast for the magnetic 
resonance image. Other sources of contrast are the proton density,
chemical shift, flow, magnetic susceptibility, and the presence of 
paramagnetic contrast agents. Before considering the relaxation times 
in greater detail, a brief description of the image reconstruction 
process is warranted, since the ability to obtain calculated TI and T2 
maps presupposes the ability to construct an image. For two 
dimensional imaging, the sequence to reconstruct a 256 x 256 matrix
image is as follows (Buzzi, 1992):
1. Activate slice select gradient, Gz, and maintain for 
duration of RF pulse.
2. Activate phase encode gradient, Gy, for an incremental
duration, ty.
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3. Activate readout gradient, Gx and read F I D in the
presence of Gx.
4. Take Fourier transform of complex F I D  signal and store in 
row 1 of reconstruction matrix.
5. Repeat identically varying only the Ty time that the phase 
encode gradient, Gy, is maintained, storing the result in 
row 2 .
6 . Repeat for a total of 256 times, each time incrementally
increasing the duration of Gy and storing the result in
successive rows.
7. After filling in all row data, take a second Fourier
Transform of all column data. The second Fourier Transform 
reveals the image.
It should be noted that in magnetic resonance imaging the 90° 
pulse is typically followed by an echo forming 180° pulse. The F I D  
is actually ignored and the image is formed by transformation of the 
echo signal. This does not, however, alter the principle of image 
formation as outlined above (Buzzi, 1992; and Hedges 1995).
8.2 AMPLIFICATION ON T1 AND T2
As stated previously, the effect of a 90° RF pulse is to tip the 
longitudinal magnetization into the transverse plane, where it can be 
measured. From the energy perspective, a resonant RF source can excite 
dipoles from the more populated lower (parallel) energy state to the
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less populated higher (anti-parallel) energy state until the end of 
the 90° pulse, the two populations are equal. The longitudinal 
magnetization is zero after the 90° pulse, since the vector sum of the 
dipoles in the Z-direction is zero. As time progresses, the
longitudinal magnetization regrows along the positive Z-direction
implying a redistribution of the spin populations to their thermal
equilibrium ratio. Spins in their excited (anti-parallel) state can 
return to the ground (parallel) state only by dissipating their excess 
energy to the lattice, hence the term of spin-1attice relaxation time 
as an alternative for longitudinal relaxation time. The lattice field 
must fluctuate to be effective in transferring energy from the excited 
proton to the lattice. The fluctuations in the lattice field are 
caused by random thermal motions of molecules (Brownian motion), which 
can be either rotational or translational. These functions must occur 
at a rate that matches the precessional frequency of the excited 
protons, i.e. the Larmor frequency. Thus de-excitation involves a loss 
of energy by a dipole which is reflected by a direct increase of 
kinetic energy in the lattice. The average rate at which molecules 
tumble (rotate or translate) is related to the size of the molecule. 
Small molecules (HJ)) reorient more rapidly than larger molecules 
(lipids). Large macromolecules (proteins) tumble very slowly. The 
frequency of rotation in medium-size molecules, such as lipids, most 
closely matches Larmor precession at typical MR field strength. Hence, 
relaxation is rapid as characterized by a shorter TI time. Conversely, 
macromolecules are ineffective in causing relaxation because their 
tumbling rate is much slower than the precessional frequency. Since
the precessional frequency is proportional to the strength of the
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external magnetic field, the TI relaxation time is field dependent, 
increasing with increasing field strength.
In tissue, water relaxation times are shorter than in pure water 
because of the interaction of water molecules with macromolecules. 
Paramagnetic agents can reduce TI further. Their strong local fields 
originate from unpaired electrons, producing a magnetic dipole moment 
658 times greater than that of a proton. Water molecules that approach
close to an unpaired electron will experience an intense interaction
that can promote relaxation. Theory predicts the relaxation time to
decrease in direct proportion to ion concentration. This property
allows for the irradiated Fricke solution to be quantitated in terms of 
the TI relaxation time. Fricke chemical dosimetry is based on the
conversion of the ferrous ion Fe2+ to the ferric ion Fe3+ as the 
aqueous solution or gel is irradiated. Since Fe2+ and Fe3+ have 
different paramagnetic spin states, a decreasing TI time is observed as 
a function of dose, a relationship that is linear over a wide range of 
dose and ferric ion concentration. In disease, the opposite effect is 
observed, with TI time increasing. With disease, the internal 
molecular environment becomes increasingly chaotic with highly ordered 
"bound" water becoming disordered "unbound" or free water. The net
effect is an increase in TI relaxation time.
The transverse relaxation time T2 is a measure of the rate of 
dephasing that occurs immediately after a 90° pulse. When the 
excitation pulse ends, each proton continues to experience not only the 
external static field but also local fields associated with neighboring
nuclear dipoles and electrons. The net result is an irreversible
dephasing of the residual transverse moments and an irreversible decay
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of the resultant Mxy to its equilibrium value of zero. Since the 
primary relaxation mechanism is by dipole to dipole interactions, the 
transverse relaxation time is also called the spin-spin relaxation 
time.
In an imaging magnet the distribution of precessional frequencies 
arises from two main causes: (1) non-uniformities in the static
magnetic field, and (2) spin interactions. Thus the signal will decay 
at a rate that depends both on the magnitude of the magnetic field 
inhomogeneities and on the magnitude of the internal spin-spin 
interactions. The time constant defining the actual rate of signal 
decay in an imperfect field is designated T2* to distinguish it from 
the true relaxation time Tg* of the sample. Nuclei in solids are 
essentially static. Their individual magnetic fields interact strongly 
making T2 very short, with the signal dephasing in microseconds. In 
liquids, however, the spins move about freely and rapidly, the magnetic 
interactions are greatly diminished, and T2 is prolonged. The 
prolongation of T2 in lesions can again be interpreted in terms of the 
increased chaos associated with the increase in the free water to bound 
water ratio.
Note that T2 can never exceed TI. When a complete longitudinal 
(TI) relaxation has occurred, there can no longer exist any transverse 
component of magnetization. Therefore, for "liquid like" materials the 
ratio of T2/T1 approaches unity, for "solid like" material the ratio of 
T2/T1 approaches zero (Bushong, 1988; Blechinger et al, 1988).
Calculated TI and T2 images can be obtained from an appropriately 
selected spin-echo imaging sequence. A T2 image can be calculated from
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a single spin-echo scan provided that at least two echoes are sampled. 
More accurate T2 data can obtained by deriving T2 from more than two 
echoes. TI images are more difficult to generate. If the image is 
obtained by the spin-echo sequence, a minimum of two images are 
required, of different repetition time but identical echo time. TI can 
then be extracted by numerical iteration.
8.3 EXPERIMENTAL MEASUREMENTS
TI and T2 measurements were performed for three samples of H-40 
type of hydrophilic materials:
1. Fully hydrated sample. The sample was soaked in water 
until it reached saturation.
2. The hydrophilic material sample was fully dehydrated.
3. The material was soaked in CUSO4 solution. The material 
absorbed the solution until it reached saturation.
8.3.1 Experim ental S e t-up
The fully hydrated sample (water) was placed in a glass 
beaker filled with water while the fully hydrated sample (CUSO4 
solution) was placed in a glass beaker filled up with CUSO4 
solution.
The fully dehydrated sample was wrapped up with a film of 
siloxane and immersed in a glass beaker filled with water.
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To compare the results and ensure the reproducibility of 
the measurements a bottle of pure CUSO4 solution was placed next 
to the glass beaker in every measurement.
The glass beaker and the bottle of pure CUS04 were placed 
in the magnet centre of 1.5 Tesla (T) clinical MR scanner (vision 
Siemens). Images were obtained in a head coil [field of view 
(FOV) 160 mm2].
8.3.2 T1 M easu rem en ts
The spin-1attice relaxation time, Tj, was made by acquiring 
inversion recovery spin-echo images at different TI. A series of 
spin-echo images was acquired with repetition times, TR=2500,
2550, 2650, 2950, 4450 ms, and a series of inversion time (TI), 
2000, 500, 200, 150, 100, 50 and 25 ms. All images were taken 
with the samples at room temperature.
8.3.2 T2 M easu rem en ts
The spin-spin relaxation time, T2, was calculated from a 
series of images (TR=1000-1033 ms) with varying echo times, TE =
12, 20, 30, 50, 66 and 84 ms. All images were taken with the
samples at room temperature of 23°c.
8.4 RESULTS AND ANALYSIS 
8.4.1 TI M easu rem en ts
The signal was measured using a region of interest (ROI)
positioned in the center of the image, area of 1 0 mm diameter.
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TABLE 8.1 INVERSION TIME (TI) VS. MRI SIGNALS FOR PURE CuS04, H-40
FULLY HYDRATED (WATER), H-40 FULLY HYDRATED (CuS04), AND 
H-40 DRY SAMPLE
Signals
TI
(ms)
CuS04 Fully Hydrated 
(water)
Fully Hydrated 
(CuS04)
Dry Hydrophilic
50 973.1 ±26 626.3 ± 29 106.4 ± 60 215.3 ± 46
100 155 ±25 427.7 ± 27 290.3 ± 59 84.8 ± 36
200 914 ±25 103.6 ±26 450.6 ± 64 122 ± 3 7
500 2034 ±33 426.7 ± 27 470 ±91 358.6 ± 50
2000 2254 ± 34 944.3 ±  29 505.3 ± 82 434.4 ± 5 0
TABLE 8.2 TI AND T2 RELATION TIME FOR H-40 DRY HYDROPHILIC SAMPLE, 
H-40 FULLY HYDRATED HYDROPHILIC SAMPLE (WATER), H-40 
FULLY HYDRATED (CuS04), AND PURE CuS04, SOLUTION
Material TI (ms) T2 (ms)
Dry Hydrophilic 209 ± 6 35 + 0.7
Fully Hydrated (water) 372 ± 11 57.7+1.2
Fully Hydrated (CuS04) 186 + 9 26.7 + 0.5
Pure CuS04 171 + 9 149.8 + 3
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The signal is the mean value of the pixel intensity of the RIO; 
10 mm slice thicknesses were used in the measurements.
Table 8.1, shows the MRI signal vs. inversion time TI. In 
order to calculate TI the following equation was applied:
M(t) =  Mo [l-2e"(VT1)] 8.2
where M(t) is the magnetization along the z-axis;
t  is the inversion time (TI); and
Mo is the magnitude of the magnetization vector
at thermal equilibrium
To get a better representation of the data, the M(t) vs TI 
was plotted for H-40 fully hydrated sample (water), H-40 fully 
hydrated sample (CUSO4), pure CUSO4 , and dry sample of 
hydrophilic material is shown in Fig. 8.1 and Fig. 8.2.
Table 8.1, shows the values of TI of fully hydrated (water) 
H-40 sample, fully hydrated CUSO4 H-40 sample, dry hydrophilic H- 
40 sample and pure CUSO4 .
The pure CUSO4 solution was measured within every 
hydrophilic samples to measure the system reproducibility.
The reproducibility of the system was with 5% for MRI 
signal vs. inversion time, therefore, the error in TI 
measurements are within 5%.
Table 8.2, lists the TI values for dry H-40 hydrophilic 
material, fully hydrated-hydrophilic water, fully hydrated (CUSO4 
solution) and pure CUSO4 solution. Fig. 8.1 and Fig. 8.2 show
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TABLE 8.3 VARYING ECHO TIM E (TE) VS. M RI SIGNALS FOR PURE C uS04 ,
H-40 FULLY HYDRATED (WATER), H-40 FULLY HYDRATED (C uS04), 
AND H-40 DRY SAMPLE
TE (ms) C uS 0 4
Fully Hydrated 
(water)
Fully Hydrated 
(C uS04) Dry
12 2398 ±37 1034 + 34 741 ± 88 625 ± 55
30 2134 ±42 761 ± 3 4 335 ±75 357 ±46
50 1855 ±38 528 ± 34 126 ±53 193 + 37
66 1667 ±37 400 ± 33 76 ± 34 125 ±33
85 1468 ± 36 294 ± 34 55 ±26 79 ± 31
TABLE 8.4 APPROXIMATE RELAXATION TIMES OF NMR PHANTOM 
MATERIALS.
Agent Concentration TI T2
CuS04 1-25 mM 860-40 ms 625-38 ms
NiCl2 1-25 mM 806-59 ms 763-66 ms
Propanediol 0 .100% 2134-217 ms 485-72 ms
MnCl2 0.1-1 mM 982-132 ms
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the MRI signal vs. TE and TI, for dry and hydrated H-40 samples 
of hydrophilic material.
8.4.2 T2 MEASUREMENTS
Table 8.3, shows the varying echo time (TE) vs. MRI signals 
for CUSO4 , fully hydrated H-40 sample (water), fully hydrated H- 
40 sample (CUSO4 and solution) and dry H-40 sample of hydrophilic 
material. In order to calculate T2 the following equation was 
applied:
M** -  M o e 8.3
where M o is the magnitude of the transverse magnetization immediately after 
the 90° pulse
t is the varying echo time (TE) or the time after 90° pulse 
is the transverse magnetization
After the application of a 90° pulse, the transverse 
magnetization decreases with time in a roughly exponential 
manner. The time constant of this decay is called T2.
In a homogenous static magnetic field and applying a 90° 
pulse, the T2 can be measured directly by observing the MR signal 
after the application of the 90° pulse (the Free Induction Decay, 
FID).
The amplitude of this signal would be proportional to M**. 
By definition, a plot of versus time is the T2 relaxation 
curve. At a time T2 after the 90° pulse, the magnetization in
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the transverse plane would be reduced to 37% of its original 
value due to T2 relaxation (Smith and Ranallo, 1989).
Table 8.2, shows the T2 values for dry H-40 sample, H-40 
fully hydrated sample (water) and H-40 fully hydrated sample 
(CUSO4 ) hydrophilic material. The pure CUSO4 solution was 
measured with every hydrophilic sample to evaluate the system 
reproducibility. The reproducibility of the system was within 2%
for MRI signal vs. varying echo time (TE), therefore, the error
in calculating T2 is less than 2%. Again Fig. 8.1 and Fig. 8.2 
show the MRI signal vs TE, for dry and fully hydrated H-40 
samples of hydrophilic material.
8.5 DISCUSSION
There is a major difference between MRI and other modalities that 
will require significant differences in phantom construction for 
evaluation of contrast resolution. For example, x-ray CT scanners 
measure a single phenomenon, namely, linear attenuation coefficient, 
which is primarily a function of electron density. MRI scanners, on
the other hand, measure a signal that is a function of three
independent variable, spin density, TI and T2.
AAPM nuclear magnetic resonance task group no. 1 (Price et al- 
1990) reported the following criteria as the primary consideration of 
choosing the phantom materials for use in a quality assurance phantom:
1 . chemical and thermal stability
2 . absence of significant chemical shifts
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3. appropriate TI, T2 and proton density values which are 
within the biological range.
4. convenience and practicality
Also, AAPM stated the following:
"At each operating field strength, it is recommended that the 
chosen NMR material should exhibit the following characteristics:
100 ms < TI < 1200 ms
50 ms < T2 < 400 ms
proton density = H^O density
Blechinger et al (Blechinger et al. 1988) recommended that the 
phantom should have a T1/T2 ratio which corresponds to those of the 
tissue represented. The typical values of the ratio T1/T2 lie between 
4 and 10 for soft tissues. A number of candidates exist for the
phantom material; water solution, gels and other chemicals. The MRI 
properties of these materials can be changed by mixing additives. The 
desirable properties of the material depend on its capability to 
produce tissue equivalent characteristics as well as being able to vary 
the proton density (water content) and TI and T2 parameters 
independently.
Aqueous solution have been used successfully as MRI phantom 
agents. Table 8.4, lists some of MRI phantom materials with 
approximate relaxation times (Price etal-1990). Even though these 
solutions produce a desired value of either TI and T2, the ratio T1/T2 
is almost always less than 2.
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Table 2 shows that the TI for dry hydrophilic material is equal 
to 209 + 6 ms, 372 + 11 ms for fully-hydrated (water) H-40 sample and 
186 + 9 ms for fully hydrated (CUSO4) sample.
While the T2 is equal to 35.0 + 1 ms for H-40 dry sample, 5 8 + 1  
ms for H-40 fully hydrated (water) sample and 27 + 1 ms for H-40 fully- 
hydrated (CuS04) sample.
The results show that the fully hydrated (water) sample fulfills 
all the AAPM criteria. The TI is within the range of 100 ms-1200 ms 
(normal tissue) and T2 also falls within the range of 50 ms-500 ms. The 
ratio of T1/T2 is equal to 6.4 which is centrally placed in the normal 
tissue range of 4-10. The TI values for all three samples of the 
hydrophilic material fall in the range of 100ms-1200ms, but the T2 of 
dry hydrophilic sample material and fully-hydrated (CUSO4 ) has a 
shorter T2 which is below the range of 50ms-400ms. Even though the 
fully-hydrated (CUS0 4) sample has a T2 shorter than typical tissues T2, 
but this shows that the TI and T2 for hydrophilic materials can be
adjusted through the use of paramagnetic salts. Table 8.1 suggests a
positive interaction between the paramagnetic salts and the hydrophilic
material. Different paramagnetic salts have different ratios of TI to 
T2, so one should be possible to separately adjust TI and T2 through 
suitable mixtures. Therefore, the hydrophilic material can be an
excellent candidate as a phantom materials for MRI scanners.
Hydrophilic Material
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Fig. 8.1 The plot of MRI Signal vs TI and TEin order to calculate Tt and T: 
respectively, for dry H-40 hydrophilic material
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Fig. 8.2 The plot of MRI Signal vs TI and TE in order to calculate Tt and T2 
respectively, for fully hydrated H-40 hydrophilic material
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CHAPTER 9
CONCLUSION
The importance of standardizing the design of phantoms and harmonizing 
their use in all the quality assurance programmes of diagnostic and 
therapeutic equipment is evident. However, the current situation is that a 
great number of different phantoms designed for diverse purposes and 
approaches are used and manufactured throughout the world.
ICRU (ICRU-I989, ICRU-1992) defines the term "phantom", as a structure 
that contains one or more tissue substitutes and is used to simulate 
radiation interaction in the body (ICRU-1992), where the "tissue substitute" 
was defined as any material that simulates a body tissue in its interaction 
with ionizing radiation (ICRU-1989; ICRU-1992).
Phantoms used for radiation dosimetry or other radiation measurements 
should be designed as objects that reproduce as closely as possible the 
changes of x-ray energy (diagnostic or therapy) after passing through 
structures of actual patients. The ideal phantom should have the following 
characteristics:
1. Reality (simulation of patient structure)
Tissue substitutes used in the construction of phantoms must have 
either known elemental compositions and mass densities, or known 
measured radiation absorption and scattering properties for the type 
and energy of radiation under consideration.
2. Low cost
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3. Ease of use
4. Light weight and reasonable size, (ICRU, 1992) Guibelalde and Vano)
The ideal tissue substitute covering the diagnostic and therapy energy 
ranges is rare in the market and is usually expensive and difficult to 
obtain.
Based on the above, the cross-linked hydrophilic copolymers would be 
excellent candidates as tissue substitutes to be used for phantoms in a wide 
energy range.
The hydrophilic materials are insoluble in water but swell to an 
equilibrium state. In a hydrated state they are flexible and elastic. 
Because of the above, the hydrophilic materials have two main advantages over 
the existing tissue substitutes.
1.The ability to absorb water into their structure- the most important 
component of human tissue.
2. The ability to compress (in hydrated states) under pressure without 
damage to their structure or loss of shape.
This study has shown that hydrophilic materials excellently simulate 
body tissues for photon interactions and would be a good choice for use as 
tissue substitutes. The mass attenuation coefficients of the hydrophilic 
materials, H-40 type and ED4C have been measured over a wide range of 
energies. Dry and hydrated hydrophilic materials in solid form were studied 
in this work.
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compared with mass attenuation coefficients of several human tissues 
calculated by XCOM for monoenergetic photon beams. The energy covered a wide 
range, from 13.37 keV (mammography range) to 1250 keV (radiotherapy range). 
The range of the mass attenuation coefficients of the fully hydrated H-40
type shown in the table is within the range of the tissues5 mass attenuation 
coefficients. To represent this graphically, Fig. 9.1 to Fig. 9.5 show the 
plots of the mass attenuation coefficients of the fully hydrated H-40 type, 
compared with water Fig. 9.1, with muscle Fig. 9.2, with soft tissue Fig.
9.3, with breast mammary gland, Fig. 9.4, and with eye lens Fig. 9.5. But to 
study this numerically, Table 9.2 shows the ratio of the mass attenuation 
coefficients of H-40 hydrophilic material to several human tissues and water.
From Table 9.2, which lists the ratio of mass attenuation coefficient 
of H-40 hydrophilic material (fully hydrated) for mono energy photon beams to 
water, muscle, soft tissue (female), breast (BMG#2), eyes, and plexiglass, 
the H-40 type has the best match with soft tissue, breast-mammary gland 
(BMG#2) and eye lens in the energy range of 13.37 keV to 1250 keV.
The ratio of H-40 type to soft tissue varies, as shown in Fig. 9.6,
from 0.943 to 1.029 with the mean of 0.996 ± 0.03. Therefore, the H-40 type
(fully hydrated) would be an excellent material in simulating soft tissues in 
wide energy ranges, such as in mammography where the maximum percentage 
difference of mass attenuation coefficients between the hydrophilic material 
and the soft tissue is less than 3% and in the radiotherapy range where the 
percentage difference of mass attenuation coefficients of 6 MV and 18 MV 
photon beams is less than 1%.
Table 9.1 lists the mass attenuation coefficients of the H-40 type
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Table 9.1 Mass Attenuation Coefficient of H-40 Hydrophilic Material (fully hydrated) for 
Monoenergetic Photon Beams Compared with Mass Attenuation Coefficient of 
Water, Muscle, Soft Tissue (female), Breast (BMG #2) Eye, and Plexiglass
Energy
keV
Mass Attenuation Coefficient (p/p) 
(cm2/g)
H-40
Hydrophilic Water Muscle Soft Tissue BMG #2 Eye Perspex
13.37 1.945 2.3 2.21 1.89 1.83 2.05 1.49
14.97 1.418 1.68 1.62 1.39 1.35 1.51 1.11
17.44 0.938 1.13 1.09 0.948 0.923 1.02 0.766
19.63 0.713 0.846 0.82 0.721 0.704 0.77 0.593
22.1 0.531 0.649 0.632 0.563 0.551 0.596 0.473
24.99 0.428 0.509 0.496 0.449 0.441 0.471 0.386
32.2 0.304 0.343 0.336 0.315 0.31 0.325 0.282
36.55 0.276 0.293 0.288 0.267 0.271 0.28 0.251
44.23 0.233 0.247 0.243 0.236 0.234 0.238 0.221
50.65 0.213 0.225 0.222 0.217 0.216 0.21-9 0.206
59.37 0.196 0.209 0.204 0.201 0.201 0.202 0.193
88.1 0.18 0.178 0.176 0.176 0.175 0.175 0.173
122.2 0.154 0.161 0.159 0.159 0.154 0.158 0.155
662 0.087 0.0858 0.085 0.0853 0.0853 0.0846 0.0833
1250 0.066 0.0632 0.0627 0.0629 0.0629 0.0623 0.0614
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Table 9.2, shows that the ratio of H-40 type to BMG#2 varies, as shown 
in Fig.9.7, from 0.964 to 1.063 with the mean of 1.008 + 0.03. Even though 
the ratio in lower energies 13.37 and 14.97 keV shows a ratio of 1.063 and
1.05 respectively, which correspond to more than 5% difference in mass 
attenuation coefficients between the H-40 type and breast tissues, the ratio 
improves at energies of 17.44 and 19.63 keV (the energy of molybdenum 
targeted mammography machines), where the ratios are 1.016 and 1.014 
respectively. The breast-mammary gland (BMG#2) is a breast of 30% fat-70% 
muscle which simulates the breast of a young woman. If the H-40 material is 
compared with a closely-matched breast tissue such as BR-12 (White et.al, 
1977) which has a composition of 50% adipose and 50% glandular tissue, both 
materials have almost the same electron density. The electron density of BR- 
12 is 0.317 x lO2  ^ electron/cm3 while the electron density of H-40 type 
(fully hydrated) is 0.313 x lO2  ^ electron/cm3. Fig. 9 shows that the mass 
attenuation coefficient of BR-12 calculated by XCOM and H-40 type does not 
match in the mammography range.
Both materials complement each other, while the BR-12 is an excellent 
material to be used for a breast tissue of 50% adipose and 50% glandular 
tissue, which represents the breast tissue of females of the middle age 
group, the hydrophilic material H-40 type can be used as a material to 
represent a breast tissue of 30% adipose and 70% muscle which represents the 
breast tissue of females of young age (Al~Bahri, 1995).
The study agrees with a recent study (Al-Bahri, 1995) which indicates 
that the ED4C type of hydrophilic material in the dry state simulates breast 
tissue of 75% adipose and 25% muscle which represents the female breast 
tissues of the old age group.
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Table 9.2 Ratio of Mass Attenuation Coefficient of H-40 Hydrophilic Material (fully 
hydrated) for Monoenergy Photon Beam to Water, Muscle, Soft Tissue 
(female), Breast (BMG #2) Eye, and Plexiglass
Energy
keV
Ratio of H-40 Mass Attenuation Coefficient to the Mass Attenuation
Coefficient o f : (+2%)
Water Muscle Soft Tissue BMG #2 Eye Perspex
13.37 0.846 0.88 1.029 1.063 0.949 1.305
14.97 0.844 0.875 1.02 1.05 0.939 1.277
17.44 0.83 0.86 0.989 1.016 0.919 1.224
19.63 0.843 0.87 0.989 1.014 0.926 1.202
22.1 0.821 0.843 0.947 0.967 0.894 1.127
24.99 0.841 0.863 0.953 0.971 0.909 1.109
32.2 0.887 0.905 0.965 0.981 0.936 1.078
36.55 0.941 0.957 1.033 1.017 0.985 1.098
44.23 0.945 0.96 0.989 0.997 0.98 1.056
50.65 0.945 0.958 0.98 0.985 0.971 1.033
59.37 0.948 0.962 0.976 0.976 0.971 1.017
88.1 1.01 1.021 1.021 1.027 1.027 1.039
122.2 0.957 0.969 0.969 1 0.975 0.99
662 1.013 1.022 1.019 1.019 1.027 1.043
1250 1.038 1046 1.043 1.043 1.053 1.068
230
The mass attenuation coefficient ratio of H-40 type to water shows 
around 0.846 as shown in Fig.9.8, at lower energies, but it starts to improve 
at energies above 60 keV, where the ratio of H-40 to water at energy 88.1 keV 
and above is between 0.957 and 1.04 with the mean of 1.01 + 0.03. The ratio 
of H-40 type to water for 6 MV and 18 MV photon beams is 0.992 and 0.994, 
respectively, which indicates that the difference between mass attenuation 
coefficient of H-40 and water is less than 1%.
this characteristic is very important because water is the standard 
calibration phantom material in radiation therapy dosimetry. In the market 
there are a lot of plastic-base materials simulating water. Tello et al., 
evaluated the water equivalency of five "water-equivalent" solid phantom 
materials in terms of output calibration and energy’ characteristics over a 
range of energies for both photon (Co-60 to 24 MV) and electron (6-20 MeV) 
beams.
Tello et al. conclude that "for photons none of the solid phantom 
materials consistently agreed an output calibration within 0.5% with water 
over all energies and all techniques, and when all combinations of phantom 
materials, measurement technique, modality and energy were considered, the 
total spread in the data ranged from 3% to 5% for photons".
Our results show that the percentage difference between the mass 
attenuation coefficients of water and H-40 type is less than 1% for 6 and 18 
MV beams, therefore, H-40 type of hydrophilic material can be considered as 
an excellent "water-equivalent" material to be used as a calibration phantom 
in radiation therapy dosimetry.
The ratio of H-40 type of hydrophilic material to the eye lens varies 
from 0.894 to 1.053 with the mean of 0.964 + 0.05. This characteristic is
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Energy (keV)
— H-40 
—SS— Water
Fig. 9 . 1  Plot o f  mass attenuation coefficients o f hydrophilic material (40%) 
and water versus monoenergetic photon beam.
(Note : The 1910 keV and 4860 keV energies are the effective energies 
o f the x-ray beam.)
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Energy (keV)
H-40 
—H— Muscle
Fig. 9 . 2  Plot o f mass attenuation coefficients o f hydrophilic material (40%)
and muscle versus monoenergetic photon beam.
(Note : The 1910 keV cmd 4860 keV energies are the effective energies 
o f the x-ray beam.)
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Fig. 9 . 3  Plot o f mass attenuation coefficients o f hydrophilic material (40%)
and soft tissue versus monoenergetic photon beam.
(Note : The 1910 keV and 4860 keV energies are the effective energies 
o f the x-ray beam.)
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Fig. 9 .4  Plot o f mass attenuation coefficients o f hydrophilic material (40%)
and breast-mammary gland #2 versus monoenergetic photon beam.
(Note : The 1910 keV and 4860 keV energies are the effective energies 
o f the x-ray beam.)
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Energy (keV)
H-40 
Eye lens
Fig. 9 .5  P lot o f mass attenuation coefficients o f hydrophilic material (40%)
and eye lens versus nwnoenergetic photon beam.
(Note : The 1910 keV and 4860 keV energies are the effective energies 
o f the x-ray beam.)
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Fig. 9 . 6  Ratio o f mass attenuation coefficient o f hydrophilic material (40%) to
soft tissue versus monoenergetic photon beam.
(Note : The 1910 keV cmd 4860 keV energies are the effective energies 
o f the x-ray beam.)
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important in radiation dosimetry for 1-125 seed eye plaque therapy. Iodine- 
125 has been increasingly employed in ocular radiotherapy because of the 
convenient energy of the emitted photons in the range of 27 to 35 keV (Harnet 
et al, 1988). The low energy of 1-125 photons provides relative sparing of 
adjacent normal tissue and greatly reduced personnel exposure, when compared 
with alternative higher energy radionuclide sources. Over the last 5 years 
both theoretical and experimental methods have been widely used to 
characterize the two-dimensional dose distributions around these sources in 
water medium (Williamson, 1991). Solid materials are also used as media for 
accurate estimation of dose rate. "Water equivalent" solid plastic 
substitute, known as solid water, has the advantage (Melgooni et al., 1988) 
that it can be precisely machined to accommodate sources and detectors and 
distances can be accurately determined. But Melgonni et al. (Melgooni et 
al., 1988) in his work, concluded, based on experimental data and Monte Carlo 
calculations, that polystyrene and PMMA (lucite) are not suitable phantom 
materials for 1-125 dosimetry, and he recommended use of solid water for 
dosimetry of 1-125 instead of water. Solid water has been evaluated as 
phantom material for 1-125 sources. Williamson (Williamson, 1991) shows that 
using solid water dosimetry in 1-125 dosimetry leads to 4% to 35% systematic 
dose underestimates. A recent study (Luxton, 1994) concluded that the 
measurement of dose to water in an RW-1 phantom (produced by Herman et al., 
1986) requires a correction of less than 5% to obtain the dose to a 
homogeneous water medium within 5 cm of 1-125 or Pd-103 sources, and the dose 
to water in acrylic at 5 cm from a Pd-103 or 1-125 source is 223%, and the 
dose to water in solid water (WT1) is 79% of the dose to water at the same 
point. Therefore, Luxton (Luxton, 1994) recommended RW-1 instead of solid 
water to be used as a water substitute for low energy brachytherapy 
measurements.
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The H-40 type of hydrophilic material shows a good match with the eye 
lens at an energy of 32.2 keV. The ratio of H-40 mass attenuation 
coefficient to the mass attenuation coefficient of eye lens at 32.3 keV is
0.936 which is exactly the same ratio of the mass attenuation coefficient of 
water to the mass attenuation coefficient of eye lens, 0.935.
Therefore, the H-40 type of hydrophilic material could be used as a 
good phantom for dosimetry of 1-125 eye plaque radiotherapy.
r
The H-40 type of hydrophilic material was tested also with actual 
medical equipment (such as mammography, diagnostic radiology, CT scan and 
radiation therapy machine - linacs) under normal operations.
Those machines have polyenergetic beams (spectrum of energy). Table
9.3 shows the mass attenuation coefficients obtained from a mammographic unit 
compared with several breast compositions suggested by ICRU-46 (ICRU, 1992). 
The table shows that the best match is noted between H-40 type and BMG#2, and 
this agrees with the previous result of monoenergetic photon beams. The 
ratio varies between 0.946 to 1.069 with the mean of 1.01 + 0.04.
Table 9.4 shows the mass attenuation coefficients from the radiography 
x-ray unit for fully hydrated H-40 type compared with other materials such as 
water, soft tissue, muscle, and eye lens. The table shows, as with the 
monoenergetic photon beam, that the best match was found with water, soft 
tissue, and eye lens.
The polyenergetic beam shows a good match between H-40 material and 
muscle with the mean of the ratio equal to 0.991 ±0.02 (compared to ratio of
0 .8 8 for monoenergetic beams).
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Table 9.3 Comparison of Mass Attenuation Coefficient o f Hydrophilic Material 
and Breast (whole), BMG#1, BMG#2, BMG #3 for Mammography 
X-ray Beam
kVp
Mass Attenuation ( 
(cm2/
Coefficient (p/p) 
g)
E.P.E.
(keV) H-40 Breast BMG#1 BMG#2 BMG#3
22 13.52 1.70 + 0.19 1.67 1.51 1.78 2.03
24 14.08 1.50 ±0.15 1.5 1.36 1.59 1.81
27 14.81 1.38 ±  0.11 1.31 1.19 1.39 1.58
30 ' 15.43 1.25 ±0.09 1.18 1.07 1.25 1.42
32 15.77 1.21 ±0.08 1.12 1.02 1.18 1.34
34 16.09 1.18 ±0.08 1.06 0.97 1.13 1.27
36 16.4 1.14 ±0.07 1.01 0.926 1.07 1.21
40 18.92 0.82 ± 0.07 0.726 0.669 0.764 0.852
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TABLE 9.4 Mass Attenuation Coefficients of H-40 Hydrophilic Material for Radiography 
X-ray Beams, Compared with Calculated Mass Attenuation Coefficient of 
Water, Soft Tissue, Muscle, and Eye Lens Calculated by X-COM
kVp
Equivalent
Energy
(kVp)
Mass Attenuation Coefficient 
(cm2/gm)
H-40 Water Soft Tissue Muscle Eye
50 25.46 0.475 ± 0.023 0.491 0.436 0.480 0.456
60 28.08 0.402 ±0.018 0.416 0.374 0.407 0.389
70 29.27 0.380 ± 0.014 0.390 0.353 0.382 0.366
81 30.92 0.368 ± 0.013 0.360 0.329 0.353 0.339
90 32.46 0.321 ± 0.007 0.337 0.310 0.331 0.319
102 34.38 0.303 ±0.005 0.314 0.291 0.308 0.298
109 35.28 0.294 ± 0.005 0.305 0.284 0.300 0.290
125 38.60 0.275 ± 0.004 0.277 0.261 0.273 0.266
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The CT scanner was used to calculate the effective atomic number and 
mass density for H-40 type of hydrophilic material. The effective atomic 
number of H-40 type is equal to 7.23 and the electron density is equal to
0.313 x 1024 electron/cm3. These values are in the same range as most of the 
body tissues reported by ICRU-44 (ICRU, 1989). For example, the effective 
atomic number and electron density of water are 7.54 and 0.334 x 1024 
electron/cm3, respectively. Also the effective atomic number and electron 
density of muscle are 7.12 and 0.348 x 10^4 electron/cm3 respectively 
(McCullough, 1979; ICRU, 1989).
In summary, it can be seen that the hydrophilic material possesses 
photon attenuation properties, atomic number and electron density, similar to 
various body tissues, such as breast, soft tissues, eye lens, etc., over a 
wide energy range. This material meets all the specifications to be used as 
substitute material in tissue equivalent phantoms.
The hydrophilic material also satisfies all the safety and other non­
radiation phantom requirements recommended by ICRU, (ICRU-1992). They are 
non-toxic, non-carcinogenic, non-corrosive, non-flammable, and not volatile.
MRI
Tissue-mimicking materials for use in magnetic resonance imaging 
phantoms should possess long term stability and have TI, T2, and T1/T2 values 
which correspond to those of the tissue represented. (Price et al., 1990, 
Blechinger, 1988).
Soft tissues exhibit TI ranging from about 100 ms-1200 ms and T2 from 
about 50 ms-400 ms at each operating field strength, where the typical values
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of the ratio T1/T2 lie between 4 and 10 for soft tissue (Price et al., 1990, 
Blenchinger, 1988).
The measurements of TI and T2 of fully hydrated (water) H-40 types of 
hydrophilic material were conducted at 1.5T magnetic field.
The H-40 type satisfies the above condition, where TI is 371.5 ms,
which falls in the range of 100-1200 ms recommended by AAPM, and T2 is 57.7 
ms, which is just above the lower range of 50 ms-400 ms recommended by AAPM.
Mitchell et al. (Mitchell et al., 1986) reported on agar gels doped
with CuS04. Mano et al. (Mano et.al., 1986) used a polyvinyl alcohol gel and 
Blechinger et al., (Blechinger et al. 1985) reported a phantom material
consisting of a mixture of a gel and animal hide gel in which CuS04 was used
to lower TI. Blechinger et al (Blechinger et al., 1988) reported a modified 
material based on mixtures of various percentages of agar, animal hide 
gelatin, water and glycerol. But all these phantoms suffer from volume
shrinkage over time, extrude fluid at container boundaries and lack long term 
stability.
Materials used in phantoms to mimic soft tissues with respect to one or
more MRI properties are available in the market. This includes aqueous
solutions of paramagnetic salts and water-based gels of various forms. Such 
gels may also contain additives such as a paramagnetic salt for control TI. 
Mather-Devre (Mather-Devre et al., 1985) reported measurements of TI and T2 
for water-based agar gels doped with MnCl2 to control TI.
The TI and T2 of fully hydrated H-40 (CuS04) samples were measured. 
The measurements of TI and T2 were conducted for the H-40 sample, fully 
hydrated in CUSO4 solutions. The TI and T2 values were found to be lower
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than the ones fully hydrated in water; TI is equal to 186 ms and T2 is equal 
to 26.7 ms. The value of T2 is outside the range of T2 values recommended by 
AAPM, while TI is within the lower part of TI values recommended by AAPM.
The TI and T2 values of dry H-40 sample are lower than the fully 
hydrated sample in water but are higher than the TI and T2 of fully hydrated 
samples in CuS04 solution.
There is approximately a 50% reduction of the TI and T2 values of fully 
hydrated sample in CuS04 as compared to fully hydrated in water. The obvious 
reason is that the material has the ability to change TI and T2 according to 
solution immersed in, which means CuS04 has been absorbed by the material. 
But this explanation is not satisfactory for the following reasons:
l.The measurements of TI and T2 of the fully hydrated sample were 
measured while the sample was totally immersed in the CuS04.
The TI and T2 were determined for this solution [CuS04 solution] and 
the values were 147 ms for TI and 127 for T2. The result shows 12.4% 
reduction in TI and 14% reduction in T2 compared to TI and T2 of pure 
(reference) CuS04 solution. This indicates the increase of the Cu 
concentration in the solution. The concentration of CuS04 increased 
from 8 mMole, the concentration of the reference solution, to around 30 
mMole, (5 times the reference concentration).
This experiment indicates that the hydrophilic material absorbed or 
extracted the water from the CuS04 solution which led to an increase in 
the Cu concentration. In other words, the hydrophilic material did not 
absorb any significant amount of CuS04 solution.
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2. No change was observed in the atomic number of the H-40 sample, fully 
hydrated in water, and the H-40 sample fully hydrated in CuS04.
3.A recent study (Al-Bahri, 1995) found no difference between linear 
attenuation coefficients of hydrophilic material immersed in different 
CuS04 concentrations within experimental errors. This can be explained 
simply because the hydrophilic material absorbed only water and not 
CuS04.
4. The expansion ratio and liquid uptake of hydrophilic material decrease 
as the CuS04 concentration increases (Al-Bahri, 1995). More 
concentration of CuS04 means less water and more copper, so the 
hydrophilic material absorbs less water or extracts less as the 
concentration of copper increases. Investigators (Choi et al, 1995) 
studied cross linked microbial poly hydro gels, and reported that the 
marked volume of the material decreases as the salt concentration of 
the solution increases.
These phenomena need further study to clarify the mechanisms of 
absorption or swelling of hydrophilic material in different salt 
concentrations.
The fully hydrated (water) H-40 type of hydrophilic material satisfies 
the condition of TI and T2 proton density (water density) values 
recommended by AAPM, and it would be a good candidate as a tissue- 
mimicking material used in MRI phantoms.
Disadvantages of Hydrophilic material:
l.This study shows that the hydrophilic material needs a long time to 
reach saturation or equilibrium status. The saturation time increases
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as the sample thickness (volume) increases. If the user receives the 
material in dry form, he has to place it in water for a long time until 
it reaches the saturation status, and he has to verify the saturation 
status by continuous weight measurements.
2. The fully hydrated material loses water (dehydration effect) at a slow 
rate when it is exposed to air and that will affect the long-time 
stability and consistency measurements. The dehydration can be 
minimized by wrapping the material with, for example, siloxane film.
3. Dehydration will reduce the material’s volume and weight, and sometimes 
change its shape.
4. It would be difficult to use the fully hydrated material in a saturated 
state where the ionization chamber is in contact with the material 
unless water-proof arrangements could be made, such as siloxane film 
wrapping.
5. The equilibrium status and EWC depend on the water temperature, ph of 
water and purity of water. Therefore, the user has to be instructed to 
follow specific procedures in placing the dry sample in water. 
Otherwise, small differences in EWC and in volumes will be achieved 
which will change the radiation characteristics of the material.
6 . Radiation can change the properties of the hydrogel material (Chapiro,
1995) and it becomes an attractive and simple method of preparing 
hydrogels by radiation cross-linking. This would raise questions and 
cause limitations of using this material in radiation therapy; how and 
when does the material start to change its characteristic as a result 
of irradiation.
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All the above disadvantages would be eliminated or minimized if the 
hydrophilic material was used in dry form. This would encourage the 
manufacturer to develop new types which have radiation characteristics 
identical to those found in the fully hydrated types. Radiation cross- 
linking technique gives an excellent method of producing a new hydrogel 
material. The main advantage of the use of radiation chemistry over the 
conventional methods in the preparation of biomaterial lies in its ability to 
modify macromolecules under fairly mild conditions with any additive and also 
in the possibility it offers to limit the treatment to a well-defined 
geometrical area (to the surface) of the object (Chapiro, 1995).
There is wide interest in using gels in MRI dosimetry (Olson et al, 
1994). If the irradiation of hydrophilic material will influence the 
relaxation times, TI and T2, of protons in nuclear magnetic resonance, then, 
it can be detected by using MRI.
The MRI dosimetry with gels offers a unique feature for dosimetry 
purposes (Kron et al., 1993):
- MR imaging allows the 3D determination of dose distribution
- It is an integrative method of dosimetry
The tissue equivalence characteristics of the hydrophilic material can 
be used, as the material proves to be good in MRI dosimetry, in radiation 
therapy where it can be shaped on any desired form to imitate body contours 
of patients undergoing radiotherapy treatment. More research in this area is 
highly recommended.
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A p p e n d i x
APPENDIX "A"
Performance C h a r a c t e r i s t i c s  o f  HPGE Systems
There are two basic characteristics of the HPGe system which are 
important, to be considered. These are:
- Energy resolution
- Efficiency
Energy Calibration and Resolution
1. Energy Calibration (or energy-channel relationship)
An essential requirement for the measurement of gamma emmitters is 
the exact identity of photopeaks present in a spectrum produced by 
the detector system.
The energy calibration of the system (i.e. establishing the 
channel number of the MCA in relation to a gamma ray energy) was
measured with standard sources having an energy ranged from 86.5
KeV to 1,596.4 KeV.
The gamma-ray energies and intensities of the standard sources 
used are listed in Table A-4.
For the energy below 80 KeV, Am-241 sources with various targets
were used.
As result of that, the energy versus a channel number was plotted. 
As seen in Fig. 4.2, the plot indicates that the energy vs. 
channel number has a linear relationship. This relationship
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(conversion factor) could be represented in the following 
equation:
E = a^  + a2 C (KeV/Channel) 
where C is the channel number, aj is the zero-intercept
of the line and a2 is the slope of the straight line, aj
is almost zero, as seen in Fig. A-4; so E = a2C
Energy Resolution
The energy resolution is the ability of the detector to
distinguish closely-spaced lines in the spectrum. The energy
resolution is given in terms of Full Width Half Maximum (FWHM).
Energy resolution is (R) = r , where r is the FWHM of the peak
E
of energy E. Therefore,
a2 ( C r ' Gl )
E
or
a 2 ( c r  " c l  ) =  C r  ‘  c l  ^
a 2 C Peal< C Peak
where Cr and C|_ are the channel numbers on either side of the 
peak at half of its maximum, or;
r = a2 (CR - CL)
(assuming = 0)
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To determine the FWHM and FWTM by using the MCA, the following 
steps are followed:
1. Identity channel number of the peak and the counts in the channel. 
Thus Half Maximum (HM) of the peak is the counts in the peak 
channel divided by 2; but it’s not likely that there will be a 
channel with exactly 8512 counts in it. Therefore, it will be 
necessary to interpolate the data, using the following 
information:
a. The peak channel; that is, the channel with 8512 counts.
b. The counts in the channel just below the FWHM point on the
left side of the peak.
c. The counts in the channel at or just above the FWHM point
on the left side of the peak.
d. The number of the channel in "c" (just above FWHM on the
left side of the peak).
e. The counts in th channel at or just above the FWHM point on
the right side of the peak.
f. The number of the channel in "e" (just above the FWHM on
the right side of the peak).
g. The counts in the channel just below the FWHM point on the
right side of the peak.
Procedure fo r  C a lc u la t in g  R eso lu tion
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2. With this data, calculate the FWHM resolution as a decimal 
fraction using :
(f-d) + c-HM + e-HM x (the conversion factor - KeV/Channel) 
c-b e-g
The FWHM was determined for the following energies:
1333.29 KeV, 1173 KeV, 661.6 KeV, 136 KeV, 122 KeV, and 88 KeV.
The sources used were Co-60, Cs-137, Co-57 and Cd-109,
respectively. These energies and sources are recommended by ANSI 
standard, "Test Procedures for Germanium Gamma-Ray Detectors" (ANSI- 
1986).
To verify the appropriate choices of FWHM and the peak shape 
quality, the FWTM was determined and the ratio of FWTM/FWHM was 
calculated. The ratios of FWTM/FWHM are often given as indicators of 
shape quality. The theoretical Gaussian Peak has FWTM/FWHM ratio of 
1.83.
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Fig. B-1 Plot of mass attenuation coefficients versus energy 
for breast and hydrophilic material (40%, wet).
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Fig. B- 2 Plot of mass attenuation coefficients versus energy 
for breast-mammary gland (Adult#2) and 
hydrophilic material (40%, wet).
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Fig. B -3 Plot o f mass attenuation coefficients versus energy for
breast-mammary gland and hydrophilic material (40%, wet)
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Fig.E-4 Plot o f mass attenuation coefficients versus energy 
for soft tissue and hydrophilic material (40%, wet).
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Fig. B -  5 Plot o f  mass attenuation coefficients versus energy 
for muscle and hydrophilic material (40%, wet).
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Fig.B-6 Plot o f mass attenuation coefficients versus energy 
for eye lens and hydrophilic material (40%, wet).
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Energy (keV)
Upid  o----- Hydrophilic material
F/g.B-7 Plot o f mass attenuation coefficients versus energy 
fo r  lipid and hydrophilic material (40%, wet).
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Fig. B-8 Plot o f mass attenuation coefficients versus energy 
fo r  the thyroid and hydrophilic material (40%, wet).
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Fig.B-9 Plot o f mass attenuation coefficients versus energy
for Incite and hydrophilic material (40%, wet).
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Fig. B - 10 Plot o f mass attenuation coefficients versus energy 
for breast and hydrophilic material (70%, wet).
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#2) wet)
-11 Plot o f mass attenuation coefficients versus energy
for breast-mammary gland (AduM2) and 
hydrophilic material (70%, wet).
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Fig. B - 12 Plot o f  mass attenuation coefficients versus energy 
for muscle and hydrophilic material (70%, wet).
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Fig. B - 13 Plot o f mass attenuation coefficients versus energy 
for muscle and hydrophilic material (70%. wet).
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ffig .B -14 Plot o f  mass attenuation coefficients versus energy 
for lipid and hydrophilic material (70%, wet).
280
10.000
,o»
«
Eo
J£
JO3=voo
c.o
ca
3
C«ts<0
<0s
1.000
0.100
s
1.00 10.00 
Energy (keV)
100.00
------ m— Thyroid, Adult ----- o — Hydrophilic material (70% ,
‘ wet)
Fig. B -1 b Plot of mass attenuation coefficients versus energy 
for the thyroid and hydrophilic material (70%, wet).
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Fig- R - 1 6  Pl°t o f mass attenuation coefficients versus energy 
for eye lens and hydrophilic material (70%, wet).
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wet)
Fig. B -1 7 Plot o f  mass attenuation coefficients versus energy 
fo r  lucite and hydrophilic material (70%, wet).
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